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FOREWORD 


Design and analysis of the AiResearch QCGAT mixer exhaust 
system was conducted at the AiResearch Engineering facilities at 
Phoenix# Arizona. Data reduction of performance and acoustical 
measurements were also conducted at the AiResearch facilities. 

The testing performed on the 35-percent scale model exhaust 
nozzles for the QCGAT engine program was conducted at the FluiDyne 
Engineering Corporation's facilities at the FluiDyne Medicine Lake 
Aerodynamic Laboratory# Minneapolis# Minnesota . 
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SECTION I 


SUfUlARY 


l.O SUflTlARY 


1 . 1 Objectives 

The objective of tlie NASA QCGAT (Quiet Clean General Aviation 
Turbofan) engine mixer-nozzle exhaust system scale-model program 
was to develop a mixer compound nozzle exhaust system to meet the 
proposed performance and exhaust jet-noise goals for the AiResearch 
QCGAT Lngintj. 

1.2 Scope 


This report covers the period from the preliminary optimiza- 
tion to the engine cycle matching of tlie selected full-scale 
exhaust system. A preliminary mixer nozzle optimization computer 
program, based on state-of- tl)e-art tecluiii]ues , defined the initial 
mixer configuration geometry. The initial aerodynamic contours of 
the mixer aiid fan duct were determined with a radial-eguilibrium- 
flow analysis program. The mixer lobe designs were analyzed with 
an advanced 3-D viscous compressible flow program. Several lobe 
modif ica tioiis were stmlied based on tlie results of the flow analy- 
sis. The conf igurations were also analyzed in terms of relative 
mixing efficiency, using a turbulent mixing-model program. Based 
on the flow analysis, three mixer com])ound conf igurcctions and a 
standard compound nozzle were selected for scale-model testing. 
Tliree laixing duct longtli variations were also selected. Model 
hardware was fabricated and tested. Performance and acoustic data 
were recorded at the sea-level static takeoff and cruise design 
point conditions. A final mixer exhaust system was selected and 
the scale-model mixer system was tested at selected off-design 
conditions in order to generate tlie performance maps. The per- 
formance maps were then used in an engine cycle sizing analysis to 
obtain the optimum aroiis for the overall flight regime. 

1.3 Test Results 


The program goals were exceeded with a cruise total specific 
fuel consumption (TSFC) reduction of 3.2 percent; a sea level 
static takeoff turbine inlet temperature reduction of 11. 7 “K 
(21.1°F); aiid a projected flyover jet noise reduction of 5.1 EPUdb. 
Performance results in terms of thrust coefficient and mixing 
efficiency are sununarized in Table 1-1. Proposed performance goals 
were exceeded at both the sea-level-static point and the cruise 
design point. Mixer nozzle pressure losses derived from the cold- 
flo^/ testing yielded the same order of ranking as predicted by the 
3-D viscous analysis, but were lower in absolute level than the 
predicted values. 






The tested performance of the short parallel mixer compound 
exhaust system (Configuration II) results in an increase in engine 
net thrust at cruise of 5,4 percent and an improvement in TSFC of 
5.4 p'jrcent, relative to the reference coannular nozzle system, 
when sized to hold the reference nozzle cruise cycle match. 

Far- fie Id acoustic measurements were made during tl;e hot- 
flow model testing. A summary of the measured noise levels of 
the tested configurations is presented in Table 1-2. Configuration 
II, the short parallel mixer compound exhaust system with the long 
mixing duct, had the lowest noise level at both the sea-level- 
static takeoff and cruise-design-point pressure ratio settings. 


TABLE 1-1. SCALE MODEL TEST PERFORMANCE SUMMARY 




TABLE 1-2. SUMMARY OP gCGAT MIXER NOZZLE 
ACOUSTIC TEST RESULTS. 




Maximum Tone Corrected Perceived Noise Level* 

(PNdB^) 



1.4 Nozzle Press. Ratio 

2.4 Nozzle Press. Ratio 

Nozzle 

Configuration 

Absolute 

Delta Relative 
to 

Config. I 

Absolute 

Delta Relative 
to 

Config. I 

I 

Standard 

Compound 

136.8 

0 

155.7 

0 

II 

Short 

Parallel 

132.7 

-4.1 

152.0 

-3.7 

III 

Long 

Parallel 

135.0 

-1.0 

153.7 

-2.0 

IV 

Long 

Radial 

137.6 

0.0 

153.5 

-2.2 

V 

Short 

Parallel 

134.2 

-2.G 

152.4 

-3.3 

VI 

Short 

Parallel 

134.7 

-2.1 

152.7 

-3.0 


*As measured at FluiDyne Test Facility for microphone array 2.44m 
(8 ft) radius from source, at 0.26, 0.35, 0.52, 0.70, 0.07, 0.,4 
radians (15, 20, 30, 40, 50, and 60 degrees) from exhaust center' 
line . 








SECTION II 


INTRODUCTION 


2 . 0 INTRODUCTION 

2.1 Background 

The NASA QCGAT (Quiet Clean General Aviation Turbofan) engine 
program seeks to demonstrate that large turbofan design concepts 
can be successfully applied to turbofan engines with sea-level 
thrust below 22.241 kN (5000 pounds). The program goals are to 
improve the environmental characteristics of civil aircraft by 
alleviating noise as well as pollution near airports, thereby 
assisting in reducing current growth restraints to civil aviation, 
and also providing engines with reduced fuel consumption. 

This program requires the design of a full-scale co-annular 
reference-exhaust nozzle and mixer-compound exhaust nozzle systerr». 
Scale-model testing of several mixer design candidates has been 
accomplished to meet the program requirement. 

2 . 2 Scope 

Mixer designs for cold- and hot-model testing were accom- 
plished with extensive use of computer programs for analysis of 
the mixer-compound nozzle system. A major effort of the QCGAT 
program was the analytical design approach utilized in selecting 
and analyzing the mixer configurations to be tested. Also 
included in the design effort and analysis was the fan-bypass 
duct, the reference co-annular exhaust nozzle, and the baseline 
compound nozzle. 

2 . 3 Purpose 

This report covers the analytical techniques used in the 
design effort in producing the test models as well as presenting 
the data obtained from the tests to compare with the predicted 
results . 

The test results are then used with the design techniques to 
predict the full-scale engine performance and noise levels. 

2 . 4 Test Report 

Included as an attachment to this report is the FluiDyne 
Engineering Corporation Report No. 1123 titled "Hot/Cold Flow 
Model Tests to Determine Static Performance of 35% Scale QCGAT 
Exhaust Nozzles”. 

This research was conducted for AiR‘»3earch under subcontract 
as approved by NASA for accomplishmc- it of the model testing. 


ANALYSIS AND DESIGN 


3.0 ANALYSIS AND DESIGN 

3.1 Design Approach 

The QCGAT mixer-exhaust system design analysis utilized the 
latest analytical technology. The exhaust system was sized and 
performance predictions were made with an advanced version of the 
compound flow analysis computer program. The mixer-lobe geometry 
was initially selected with an empirical parametric optimization 
analysis and the preliminary end-wall contours were analyzed with 
conventional radial-equilibrium flow analysis. The mixer- lobe 
design was then refined with use of an analysis method which 
solves the 3-dimensional compressible Navier-Stokes equations. 
Various contour changes were then analyzed to reduce the end-wall 
curvature, and reduce losses due to 3-dimensional diffusion and 
secondary flows. The impact of lobe design and mixing-duct con- 
tour on the mixing process was evaluated with a three-dime*>sional 
viscous recirculating-flow mixing analysis. 

The reference coannular exhaust system was scaled from the 
AiResearch Model TFE731-3 engine reference nozzles. The nozzles 
were analyzed with a conventional radial-equilibrium-flow solution 
and boundary- layer calculations. The flow in the bypass duct and 
standard compound-core duct was analyzed with standard boundary 
layer and radial-equilibrium techniques. 

3 . 2 Preliminary Prediction of the QCGAT Mixer-Compound-Exhaust 
System Performance and off-Design Matching Characteristics 

Over the past several years, compound-flow analysis has been 
developed into an industry-accepted performance prediction pro- 
cedure (ref. 1, 2, and 3). AiResearch has extended the prediction 
procedures for coannular-unmixed, partially-mixed, or forced-mixing 
exhaust systems. The semi-empirical analysis is based on a 
fundamental understanding of the flow processes and proper loss- 
bookkeeping procedures. The noruenclature used in the analysis is 
summarized in Figure .-1. The exhaust system is broken into 
specific calculation stations, i.e., 

o Rating stations 

o Bypass and core ducts 

o Flow splitter plane 
o Inlet or mixing plane 

o Mixing duct 

o Minimum plane 

o Exit plane 
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At each prime calculation station, flow coefficients are 
assigned as in a normal, separate, flow exhaust system. However, 
the splitter flow coefficients are assigned in a unique manner 
(see Figures 3-2 and 3-3), i.e., the splitter flow coefficient is 
defined as a function of the ratio of the total pressures. This 
flow coefficient correlation method (see Figure 3-3) has proved 
successful for coannular, partially mixed, and fully mixed systems. 

A total pressure-loss bookkeeping procedure was established 
v.'hich would accommodate the losses of the various types of mixed 
flow exhaust systems (Figure 3-4) . The losses are assigned inde- 
pendently to each gas stream and have been separated such that the 
local total pressure is used at each af the calculation stations. 

The solution boundary conditions are summarized in Figure 3-5. 
The Kutta condition, or static pressure balance, is applied where 
the gas streams merge, i.e., at the splitter or inlet calculation 
station. The compound- choking criteria, developed by Bernstein, 
ct al (ref. 1) is applied at the exit and minimum calculation 
stations . 

The compound-flow analysis procedure is used for system 
design point sizing as well as predicting exnaust system component 
performance maps for new systems. The flow coefficients and total 
pressure losses for geometrically similar systems may be used to 
successfully predict the performance and matching characteristics 
of a new exhaust system. Table 3-1 presents a comparison between 
analytically predicted results and engine test data for a TFE731 
engine compound-nozzle system (rof . 4) . The agreement between 
predicted and tested results is excellent. Small discrepancies 
still exist in estimating the engine back pressure and exit ar<3a. 
However, the deviations are well within those experienced with 
some standard coannular-oxhaust systems when first run on the 
engine. 

The AiResearck compound-flow analysis procedure has been 
used to size and predict the performance of the QCGAT-compound 
and mixer-compound exhaust systems. 

3.2.1 Pressure Loss Estimates 


The QCGAT duct pressure loss estimates used in the prelim- 
inary design optimization are presented in Table 3-2. The loss 
estimates are based on the AiResearch compound-nozzle tests and 
the 1976 IR&D mixer (see Figure 3-6) cold-flo\i? model test data 
(ref. 6). The pressure loss of a lobed mixer duct cannot be esti- 
mated from friction losses alone, such as; 
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T/MIX 



Pj /PLUG i _I_ 


j2lP \ = ^\ + ^ \ 

Pt /core Pt/1 Pj/plug 

ae\ = AB\ +ap\ 

Pt / BYPASS Pt/2 / SHROUD 

= f(Pj|, Px2* ^T1> ^T2> '^1' '^2' Ps* 

Pj /mix 

Ficjure 3-4. Compound Flow Analysis Total Pressure Losses. 



• SPLITTER MATCHING CRITERIA 

KUTTA CONDITION APPLIED, I.E., Pgi = Ps2 | 

INLET MACH NUMBER LIMIT, I.E., M-, < 1.0, M 2 <1.0 | 

• COMPOUND NOZZLE CHOKING CRITERIA 

COMPOUND UNCHOKED PeXIT "^00 
COMPOUND CHOKED B = 0 

WHERE: B = D 

)=1 ri ivi.z 

Figure 3-5. Compound Flow Analysis Boundry Conditions. 
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NUMBER OF LOBES 

N - 9 

TAPER RATIO 

TR - 1.18 

ASPECT RATIO 

AR - 2.39 

PENETRATION RATIO 

PEN - 0.72 

SPACING RATIO 

SR - 0.78 

MIXING DUCT LENGTH RATIO 

X/D - 0.80 


J 


Figure 3-6. AiResearch 1976 IRiD Mixer Compound Core 


TABLE 3-1, CYCLE MATCH CHANGES DUE TO A COMPOUND NOZZLE 
RELATIVE TO A COANNULAR AT SLS TAKEOFF THRUST 


Parameter 

Analytical 

Predictions 

Engine 

Test 

ANj^/Nj_ 

-1.7% 

-1.9% 

AN 2 /N 2 

-0. 2% 

-0.0% 

• 

<3 

+1.8*K(+3*'F) 

+4.8*K(+8*F) 

‘^^T5.2^^T5.2 

tO. 6% 

+2.8% 

^^T14.0^^TI4.0 

0.0% 

0.0% 

ATSFC/TSFC 

-1.5% 

-0.6% 


NOTES ; 
N, 


N, 

T 


4.1 


P 

T5.2 
^T14. 0 


TSFC 


- low-rotor speed 

- high-rotor speed 

- turbine inlet total temperature 

- core-nozzle supply, total pressure 

- bypass-nozzle supply, total pressure 

- thrust specific fuel consumption 


TABLE 3-2. QCGAT MIXER-COMPOUND EXHAUST SYSTEM 
PRESSURE LOSS ESTIMATES. 


Flight Condition 

AP 

p ' 

T Core 

AP 

p 

T Bypass 

AP 

^T Mix 

Design Point 
M = 0.8 
Alt = 12,192m 
(40K ft) 

0.0248 

0.0297 

0.0044 

S.L.S. Takeoff 




298*»K (77®F) Day 

0.0161 

0.0241 

0.0031 




In order to account for the secondary flow losses and other 
unknown losses, a ratio of the test-data loss to the analytical 
friction loss was formed; 


K 


R 



^Analytical 

Friction 


( 2 ) 


The loss ratio for the 1976 IR&D mixer (see Figure 3-6) was three 
to one (KR = 3.0). Thus, the preliminary QCGAT mixer analytical- 
loss estimate was calculated using the standard friction loss and 
a loss ratio of throe (Kr = 3.0). In the off-design calculations, 
the design point loss is scaled with the corrected flow i.e.. 



(3) 


The QCGAT mixer off-design loss scalars are presented in 
Table 3-3. 

The mixing-duct loss estimate is comprised of two basic 
elements; a mixing-duct-shroud friction loss, and an empirical 
flow mixing loss correlation. The mixing loss is computed by 
simultaneous soluhiori oi tlie momentum and continuity equations 
for a presumed thermal-mixing efficiency. The mixing-duct 
shroud-friction loss is computed from standard-duct friction loss 
analysis . 

3.2.2 QCGAT Flow Coefficients 


The design point and sea-level-sta tic flow coefficient 
estimates for tlio QCGAT exhaust system preliminary design are 
sununarized in Table 3-4. The exhaust system exit-flow coeffi- 
cients used in the QCGAT preliminary design were obtained from 
scale model cold-flow rig tost data (see Figure 3-7) . Ilixer- 
compound systems have flow coefficients which are lower than 
standard compound nozzles. However, the characteristic shape is 
the same as shown in Figure 3-7. Comparison of the compound-flow 
analysis to the Model ATF3 Turbofan engine hot-flow mixer test 
data (ref. 5) has verified that the exit flow-coefficient depend- 
ence on thermal mixing can be adequately accounted for by proper 
mixing loss accounting. Thus the cold-exit- flow coefficients are 
used for both hot-and cold-flow predictions. 
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TABLE 3-3. QCGAT MIXER-COMPOUND EXHAUST SYSTEM 
OFF-DESIGN LOSS SCALARS. 


Loss 


„ /w/F\ ^ 
pZ- \-rl 


K 

W/0 

T- 

2/1, 2 
s /kg 

(sec^/lb^ ) 

kg/s 

(Ibs/sec) 

5.54 X lO"^ 

(1.14 X 10"^) 

20.2 

(44.5) 

10.70 X 10“^ 

(2.20 X 10"^) 

i 

41.8 

02.1) 

21.39 X 10~^ 

i 

(4.40 X lO"^) 

62.6 

(138.0) 


Core • 

Bypass 

Mixing 

Duct 


TABLE 3-4. QCGAT EXHAUST SYSTEM PERFORMANCE 
INTERNAL FLOW COEFFICIENTS. 


Flight Condition 



""^El 

"•>E2 

Design Point 

M = 0.8 Alt = 12,192m(40K ft) 

0.9330 

0.9355 

0.9540 

0.9547 

S.L.S. Takeoff 
298®K (77°F) Day 

0.9300 

0.9350 

0.9340 

0.9350 
























PRESSURE RATIO - Pj/P^ 


Figure 3-7. Mixed and Partially Mixed Exhaust System 
Exit Flow Coefficients. 
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A unique splitter-plane flow-coefficient correlation has 
been developed. The standard flow-coefficient definition is 
still used, i .e. , 


“ ^actual^^ideal 


(4) 


\ 

\ 


However, the ideal flow is based on the local static pressure at 
the splitter plane. A single value curve results when the 
splitter flow coefficients are correlated against the total pressure 
split. The AiResearch 1976 IR&D mixer flow coefficients shown in 
Figure 3-8 were used for the QCGAT preliminary design. 


3.2.3 Exhaust System Area Sizing I 


Optimizing the cycle performance at the cruise and SLS oper- I 
ating conditions was the main design consideration for selecting | 
the QCGAT exhaust system areas. The engine cycle was initially | 
optimized with a separate-flow coannular-exhaust system, then a I 
mixer- compound exhaust system was sized to hold the same cruise I 
match. Cycle off-design studies were then conducted and the \ 
exhaust system areas were modified, thus trading design-point per- - 
formance for better off-design performance. 

3 . 2 . 3 . 1 Minimum and Exit Area Sizing 


i 


Design-point flow conditions (W, Pij, T>p) were specified for 
each stream in addition to the appropriate pressure losses and 
thermal mixing efficiency. Only the exit boundary condition is 
applied while the exit area and/or minimum area are varied. A 
total-pressure deviation function is plotted versus exit and/or 
minimum area as shown in Figure 3-9. The cycle match area cor- 
responds to a deviation function of zero. The QCGAT design-point 
match area is 2603.2 cm2 (403.5 in2) while the SLS-takeoff match 
point area is 2649.0 cm2 (410.6 in2) . (Note that later cycle 
optimization analysis set the exit area at 2619.3 cm2 (406 in2) 
as discussed in Section 3.2.5). If the design point is compound 
choked, then the exit area may be increased to either optimize 
thrust or to trade off the design-point thrust for a closer com- 
pound unchoked secondary design-point cycle match. However, the 
exit and minimum plane areas were set equal for the QCGAT design. 


3. 2. 3. 2 Inlet and Mixing Plane Areas 


Once the minimum and exit plane areas were sized, an inlet I 
area study was conducted. Again, only the exit boundary condition | 
was applied while the exit area was held constant and the inlet | 
area was varied. The performance versus inlet area study is | 
presented in Figure 3-10. The inlet area sizing criteria were | 
based on maximizing internal thrust while remaining within a I 


I 

10 i 


i 
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CORE FLOW COEFFICIENT - Cps, BYPASS FLOW COEFFICIENT 
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Figure 3-8. 
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AiResearch 1976 IR&D Mixer Compound | 

Splitter Flow Coefficients. | 
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PERCENT APt-i/Pti ~ DEVJATION FUNCTION 



EXIT AREA ~ Ag (cm^) j 

I I I I I t 1 ' ' T j 

398 400 402 404 406 408 410 412 414 

2 ’■ 

EXIT AREA ~ Ac (IN | 

C I 


NOTE; Ag (cruiSE) “ 2603.2 cm^ (403.5 IN.^) 
Ae (SLS-T/0) “ 2649.0 cm2 ( 4 , 0.6 IN.2) 


Figure 3-9. QCGAT Exit Area Sizing. 










practical nacelle size for drag considerations. Characteristic 
cally^ the thrust-coefficient curves level off with increasing 
inlet area. Therefore, the evident trade-off guideline of size 
versus performance is the point where the internal perfornance 
begins to level off. Above that point, external drag would 
become dominant. Therefore, a nozzle inlet area of 4516.1 cm^ 

(700 in^) appeared to be the optimum choice for QCGAT. 

The mixing loss variation with inlet area, as shown in 
Figure 3-10, also indicates that the 4516.1 cm^ (700 in^) is a 
good choice. The rate of change of the mixing-duct inlet Mach 
numbers also appears to be leveling off at 4516.1 cm^ (700 in^) 
as shown in Figure 3-11. It is important to minimize the inlet 
Mach nun^ers since they directly set the loss levels, mixing 
rate, and mixer-lip noise generation. Examination of the required 
splitter area. Figure 3-11, indicates that both the sea level and 
cruise design point nozzle demand areas could be held equal if 
the inlet area was set at 4037.3 cm^ (625 in^) . However, 

4032.3 cm2 (g25 in2) would result in higher Mach numbers with 
increased losses and increased mixer generated noise. Thus, the 
sea level static takeoff areas were allowed to deviate. A final 
area iteration was conducted in conjunction with the engine cycle 
deck to optimize the engine design and off-design performance as 
discussed in Section 3.2.5. 

3.2.4 Thrust Coefficient Prediction 


Thrust coefficients are predicted using compound-flow 
analysis. Empirical correlations for pressure losses are required 
as defined previously in Section 3.2.2. In addition, a throat- 
efficiency correlation is also required for the calculations. The 
throat-efficiency relationship was developed from boundary layer 
theory and is expressed as: 


"id 


(5) 


-0.5 


= 1.0 - 0.12088 (D 


HE' 


- 0.211 


(R ) 


0.789 




-0.632 


22 




n~i If r li -4r iiT 













The thrust gain due to thermal mixing is calculated from a 
solution of the continuity and momentum equations. Based on the 
Frost-nixing efficiency correlation, as discussed later in 
Section 3,3.2, a mixing efficiency of 0.75 was cliosen for the 
QCGAT predictions. This level appears to be the maximum obtain- 
al)le for realistic geometries. The predicted thrust coefficients 
at the cruise design point and at sea level static takeoff as a 
function of Hmix shown in Figure 3-12. With an Hmix 0.75, 

the predicted cruise design point thrust coefficient is 1.001 
and tlie sea-level value is 0.974. Since the design-point thrust 
coefficient exceeds the proposal target value of 0.994, and since 
tills level had not been previously demonstrated by AiResearch; the 
design-point thrust coefficient in the cycle deck was maintained 
at 0.994. 

3.2,5 Performance and Matching Cliaracteristic Maps 

1/ith the exhaust system geometry and loss characteristics 
defined, the off-design performance and matching characteristics 
were computed. Component maps can be generated provided the tem- 
peratures, mixing efficiency, and fuel-air ratios are known. 
Currently, constant values based on an average from the flight 
mission study are used. The averaged values are as follows; 

Tti = 753. 4“K (1365. 2“R) 

T^2 = 306. 6°K (551. 9°R) 


Initial maps sized to the cruise design-point condition were 
transmitted to the performance group where off-design engine match 
characteristics were studied. Based on the off -design engine 
match studies, the exhaust system exit area was resized to 
2619.3 cm^ (406.0 in^). The performance maps wore then scaled to 
tlio revised exit area using the compound-flow analysis scaling 
routine. 

The predicted QCGAT exhaust system matching-characteristic 
maps are presented in Figure 3-13 as core-corrected flow and 
bypass-corrected flow versus core-pressure ratio for lines of 
constant bypass-pressure ratio. Tlie thrust-coefficient map is 
presented in Figure 3-14 as thrust coefficient versus core-pres- 
sure ratio for lines of constant bypass-pressure ratio. 
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3 . 3 Prelimiaiary Mixer Desigi» Selection and Optiiaization 

A preliminary mixer design optimization computer program was 
developed to perform preliminary parametric studies of mixer 
exhaust-system geometry effects on overall performance. The pro- 
gram was based on state-of-the-art techniques involving empirical 
and semi-empirical equations for pressure loss, thermal mixing, 
and peak velocity decay. Mixer geometry parameters studied are 
defined in Figure 3-15. 

3.3.1 Mixer Lobe Total Pressure Loss Correlations 

Several sources of pressure loss v;ere included in the 
analysis: an empirical mixer loss factor which is a function of 

the mixer equivalent hydraulic diameter, the turning loss through 
the mixer lobes, the flow-raixing loss for an assumed Hmix# 
the skin friction loss for the mixing duct and plug. 

The mixer-loss factor is based on empirical studies conducted 
by Postlewaite (ref. 7) and by Frost (ref. 8). The mixer- loss fac- 
tor can be correlated as a function of the equivalent hydraulic 
diameter as shown in Figure 3-16. The AiResearch data (ref. 6) 
falls on the data line of Postlewaite, therefore Postlewaite * s 
data was used in the analysis. The mixer- loss-factor is defined 
as the ratio of the mixer-nozzle loss to the analytical loss of a 
circular convergent nozzle of equivalent length and exit area. 

The pressure loss of the convergent nozzle is calculated in the 
analysis by using standard skin friction calculations, i.e., 

(AP/P = L/D) . This loss correlation provides losses 

consistent with the loss ratio (Kj^) discussed in Section 3.2.1. 

A turning loss was included in the analysis since a varying 
plug-crown radius requires various degrees of core-flow turning 
relative to the base circular nozzle. The bypass stream has the 
flexibility of designing large radius ratio turns; therefore, 
bypass turning loss was considered negligible. The degree of 
turning was based on the difference between the mean-exit radius 
and the mean-inlet radius of an equivalent-area-annulus duct. 

The offset-loss factor shown in Figure 3-17, is a function of the 
radius change divided by the mixer length. A loss correlation. 
Curve A, was obtained from diffuser-duct offset data, and was 
initially used in the r^nalysis. Since the turning loi^ses were 
a significant loss in the analysis, an additional check on turning 
losses was made. A second loss estimate. Curve B, v\;as derived 
from circular duct bond losses and the diffusion loss incurred in 
turning flows. Use of Curve B had little impact on the optimiza- 
tion results. 



Figure 3 - 15 . Mixer Design Analysis - Nomenclature 




MIXER OFFSET - AR/L 


CURVE A - FROM DIFFUSER DUCT OFFSET LOSS 

CURVE B - FROM SAE CIRCULAR DUCT BEND LOSS 
AND DIFFUSION BEND LOSS FACTOR 


Figure 3-17. Total Pressure Loss Due to Offset Ratio. 






The centerbody plug and mixing duct friction losses are 
calculated in the analysis using the standard friction- loss 
calculations. The mixing-duct and centerbody -plug lengths are 
calculated in the program as a function of other parameters with 
an assumed plug angle of 0.26 radians (15**). 

3.3.2 Criteria for Mixing Duct Length Selection 

Mixing of streams with different velocities occurs within two 
distinctive zones. The mixing process is described in Figure 3-13. 
Zone I is single element decay of the high-velocity streams and 
the velocity decay is fairly rapid. Zone II is called the 
coalescing core region and decay becomes linear and much slower 
than in Zone I. The peak velocity decay term is defined as the 
local peak velocity difference relative to the initial (mixing 
plane) velocity difference of the two flov; streams. The velocity 
decay rate can be used to establish the required mixing duct 
length. Because of the slow velocity decay of Zone II, the 
practical mixing duct length is set at the end of Zone I which is 
represented by the characteristic length Z^ (ref. 9, 10, and 11). 

The mixing duct characteristic length, Z^, is defined as: 


Z^ = 12(1+1/4 (s/w)2/^J (s/w)^/^ TR)f2(R/s, AR, VR)f3(VR) (6) 

where: s = (s^ + s^)/2 w = (w^ + ^ 2 '^/"^ VR = Vg/V^ 

R. + h/2 

n 


fl(DHg,TR) = 


(R/s ,AR,VR) 
(VR) = (1 


r 

= [1 


-1 

2.67(l/Dj^j, - 1) 

1 + 5(1 - 1/TR)® 

+ 0.33 * R/s * TR^ * 


-1. 25 


- VR) 


r2] 


-1 
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<M 


CORE VELOCITY ^ = MIXING DUCT CHARAC- 

TERISTIC LENGTH 


For calculating the thermal mixing characteristic length, the 
average spacing ratio was selected. However, for a conservative 
estimate of the peak-velocity-decay characteristic length, the 
maximum spacing ratio at the tip of the lobes (S2/W2) was used. 
The mixing duct length is determined from the characteristic 
length as defined by the following equation: 

X = z * /4/ 7T hj. * /r+M n 

C D Lobe core 


where : b = 1 + 


51 %' 


- 1 ] 


The peak velocity decay is a function of the mixing length 
characteristic, lobe geometry, and velocity ratio as defined 
below; 


- 1 /a 


(V - V3)/(Vj. - Vg) = [1 + (0.15 Z^) ] 


( 8 ) 


where 1 


a = 4 (2 - 1/TR) [1 + 8/3 d/Dgg - D 1 


\ * -4 ‘VK) 


£. (VR) ■= (1 - + i,>R| 


s s 2 


w = W2 


3.3.3 Frost Mixing Correlation 

The analysis used a semi-empirical thermal mixing correlation 
derived by Frost (ref. 8 ) which is shown in Figure 3 - 19 . The 
mixing effectiveness is correlated as a function of mixer and 
mixing duct geometry by the interface function, f = /Cq (CP/D) (X/D) . 
From the definition of equivalent hydraulic diameter the function 
can be redefined in the following manner; 
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f = /C^ (CP/D) (X/D) 



Since D^/D varies with bypass ratio, the equivalent hydraulic 
diameter (Djjjj), or the duct length (X), may be altered to maintain 
the Scime degree of mixing efficiency. It follows that an increase 
in the mixing efficiency must be accompanied by a decrease in the 
equivalent hydraulic diameter or the mixing duct length must 
increase . 

3.3.4 Parametric Design Studies 

The various losses, mixing efficiency, mixing duct length 
calculations, and peak-velocity-*decay predictions were used in a 
parametric study to optimize the QCGAT mixer design. The follow- 
ing parameters were varied: 

U V- Number of Lobes 8, 9, 10, 12, 16 

TR -- Lobe Taper Ratio 1 , 2 , 3 , 4 

AR ■v Lobe Aspect Ratio 1, 2, 3, 4, 6 

The exhaust system areas used in the study were determined from 
the compound-flow analysis and were held constant. Penetration 
ratio was computed as a function of the above parameters and the 
mixing plane areas. It was assumed that each configuration would 
maintain the cycle match point; thus, the thrust coefficient 
changes are directly related to the losses as shown in Table 3-5. 

Tlie initial parametric plots are shown in Figures 3-20, 3-21, 
and 3-22 for aspect ratios of 2, 3, and 4 respectively. Each plot 
presents the thrust coefficient change as a function of lobe pene- 
tration for varying taper ratio and a given lobe number. All 
parameters are plotted versus a delta gross-thrust coefficient. 

The results clearly indicate that a taper ratio of 1.0 (parallel 
core lobe walls) is, in all cases, the optimum choice for the ranges 
of parameters studied. More detailed results for a taper ratio of 
1.0 are presented in Figures 3-23, 3-24, and 3-25 for lobe 
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numbers of 10, and 12 , respectively. The peak thrust coeffi** 
dent for the taper ratio of 1.0 (Figures 3-20, 3-21, and 3-22) 
is plotted versus aspect ratio. The other results presented are: 
penetration ratio, mixing efficiency, velocity decay, and mixing 
length. In Figure 3-26 the results from Figures 3-23, 3-24, and 
3-25, which were considered to be within practical application 
limits, are cross-plotted versus lobe number for lines of 
constant aspect ratio. One of the design requirements was to 
achieve 75-percent thermal mixing, shown by a dashed line on 
the mixing efficiency plot. The points of intersection with 
the lines of constant aspect ratio then determined the design 
length requirement and the resultant thrust and velocity parameters 
as shown by the dashed lines on the other plots. 

3.3.5 Preliminary Mixer Configuration Selection 

Referring back to Figure 3-26 the dashed lines represent a 
thermal mixing efficiency of 0.75. The selected design took into 
consideration performance, weight, length, and acoustics. Delta 
thrust coefficient for a 9.75 Hmix fairly constant within the 
aspect ratio range of 2 to 4, which meant the length and velocity 
decay would determine the selected design. As shown by the mixing 
length plot (Figure 3-26) , mixing length decreases with increasing 
aspect ratio for a given nmix* Peak velocity at the mixing duct 
exit also decreases with increasing aspect ratio for constant Omix* 
For minimum noise the peak velocity ratio should be minimized. 

For minimum weight the mixing duct length should be minimized. 

Thus, an aspect ratio of 3.5 and lobe number of 12 was chosen for 
the preliminary design. The nigher aspect ratio of 4 was not 
chosen because it was felt the lobes would be difficult to 
fill and thus, higher than predicted losses would result. 

A summary of the selected preliminary design parameters are 
compared to the proposal values in Table 3-6. 

3.3.6 Gas Path Preliminary Design 

A radial-equilibrium flow analysis was used to establish the 
preliminary gas path design for the mixer compound exhaust system. 
This analysis was also used to establish the final gas path 
controls for the bypass duct, reference nozzles, and baseline 
compound nozzles. The computerized analysis solves the equili- 
brium equations in an axisymmetrical flow field. The boundary- 
layer blockage is estimated simultaneously with the iree-stream 
flow- field calculation based on an empirical Mach-number-dependent 
correlation. Further flow solution details are presented in the 
following sections. 
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Figure 3-26. Effect of Lobe Number at Cruise Design Point. 




3. 3.6.1 Bypass Duct Radial Equilibrium Flow Analyals 

A preliminary loss<-optimi 2 sation analysis of the bypass duct 
indicated that the diffusion loss was predominant and that minimum 
diffusion would yield minimum overall loss. The duct diffuser was 
designed to diffuse the flow to an average Mach number of 0.362 
at the end of the oil cooler. A constant-area passage was main- 
tained from oil-cooler exit to nozzle inlet. The diffuser area 
ratio (AR) of 1.32 and the length ratio of 3.82 are quite 
conservative, as shown in figure 3-27. The estimated duct loss 
including struts is 1.5 percent with an additional 0.5-percent 
total-pressure loss for the air/oil cooler (ref. 12) . The 
final design flow path and calculated Mach numbers are presented 
in Figure 3-28. 

3. 3. 6. 2 Reference Nozzle 


The QCGAT reference performance nozzle was designed along 
the same guidelines as ^e 731 referenc;e nozzles. The exit areas 
of 794.1 cm2 (123.08 in2) for the core and 1775.9 cm^ (275.28 in^) 
for the bypass are required to maintain the QCGAT cycle match. 

The core-nozzle- throat angle was set at 0.09 radian (5®) and was 
faired into the core customer connect flange at the engine station 
237.37 as shown in Figure 3-29. A 0.16-radian (9®) bypass nozzle 
hub angle was chosen to blend tangent to the bypass duct contour 
at engine station 241.0. The bypass exit plane axial location was 
determined by a spacing ratio requirem.ent of 0.25 based on Garrett 
reference nozzle experience where spacing ratio is defined by; 

SR = L/2R (10) 

where L = Axial distance between core exit and bypass exit 

R = Core exit radius 

The bypass exit radius was set based on the required bypass 
nozzle area being perpendicular to the core nozzle. The radial- 
equilibrium flow analysis resulted in Mach number and boundary 
layer thickness distributions very similar to the ^existing TFE731-3 
reference nozzles. Since the geometries are very similar and the 
flow analysis does not indicate any significant flow differences, 
the QCGAT reference nozzles will produce the performance presented 
in Figure 3-30. 

3. 3. 6. 3 Baseline Compound Nozzle Design 

The compound nozzle was designed such that tlie same centerbody 
and mixing duct could be used for the baseline compound nozzle and 
the mixer compound nozzle. The first step in setting the gas path 
was to lay out a preliminary turbine diffuser and centerbody. The 
diffusion rate was established to provide maximum diffusion without 
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Figure 3-28. QCGAT Flight Versus Workhouse Bypass 
Duct Contours and Mach Nunibers. 








Reference Nozzle 





flow separation following the guidelines established in Ref. 13. 

The radial equilibrium flow analysis was then used to analyze the 
contours. Based on the solution results appropriate contour 
changes were made until a satisfactory core and bypass splitter 
design was obtained. A drawing of the compound nozzle splitter 
is presented in Figure 3-31. The core area distribution, calcu- 
lated wall Mach lumbers, and estimated boundary layer displacement 
thicknesses are presented in Figures 3-32 through 3-34. The 
bypass area distribution, calculated wall Mach numbers, and esti- 
mated boundary layer displacement thicknesses are presented in 
Figures 3-35 through 3-37. 

3. 3.6.4 Mixer Compound Preliminary Design 

Because the lobe side-wall boundary-loy nr blockages are 
neglected in the first solution, the mixer-compound contours were 
analyzed hhrough two types of iterations of the radial- equilibrium 
flow analysis. The mixer initial one-dimensional flow contours 
were input along with the hub and shroud contour definitions 
from the customer connecting flange upstream to the turbine rotor 
exit and fan stator exit. The mixer lobe was input as radially 
distributed annulus blockage. The mixer apogee and perigee con- 
tours were varied until satisfactory area, Mach number, and dis- 
placement thickness distributions were obtained. The boundary- 
layer blockage on the mixer-lobe sidewalls was estimated and added 
to the radial blockage distribution, and the contour was again 
modified until acceptable distributions were obtained. The pre- 
liminary design mixer apogee and perigee contours are presented 
in Figure 3-38. The calculated mixer core area, Mach number, and 
disijlacement distributions are presented in Figures 3-39 through 
3-41, and the corresponding bypass data are presented in Figures 
3-42 through 3-44. 

3 . 4 Detailed Mixer Design and Flow Analysis 

A three-dimensional viscous-flow analysis method solution was 
used to define the empirically optimized design and provide guid- 
ance for developing alternate designs. A solution to the three- 
dimensional compressible Navier-Stokes equations developed for 
cascade flows (ref. 14, 15, and 16) was used to analyze the core 
and bypass flow through the mixer lobes. A separate three- 
dimensional mixing program developed for combustors (ref. 17, 18, 
and 19) was used to analyze the flow in the mixing duct. The lobe 
analysis results were input as inlet conditions to the mixing duct. 
The main lobe design criteria were; 

o Minimize the loss through the mixer lobes 

o Minimize pressure and velocity gradients across the lobe 
exit at the mixing plane 

o Minimize the length of the mixer configuration 
52 
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Figure 3-33. QCGAT Compound Splitter Core Duct Mach Mumber. 
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Figure 3-35. QCGAT Compound Splitter Bypass Duct Area Distribution 

















Figure 3-38. Preliminary Design Mixer Apogee and Perigee Contours 
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Figure 3-41. QCGAT flixer Compound IJozzle Core Duct Boundary 
Layer Thickness. 
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Figure 3-42. 
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The mixing duct design criteria are: 

o Minimize mixing-duct-exit peak velocity and temperature 

o Minimize mixing-duct-exit velocity, pressure and 
temperature gradients 

o Minimize mixing-duct length 

3.4.1 Mixer-Lobe Three-Dimensional Viscous Compressible Flow 
Analysi'i 

Mixer- lobe .“low paths are usually analyzed with a radial-equi- 
librium flow analysis 'S described in 3. 3. 6.4. Unfortunately, 
radial-equilibrium- type-flow analysis cannot adequately account 
for the secondary flows and corner losses generated by forced 
mixers. AiResearch has successfully predicted these types of flow 
fields using a numerical solution to the 3-D compressible Mavier- 
Stokes equations. The analysis is based on an equation-splitting 
technique. One of the split equations is solved by a numerical 
matching method while the other is solved by a relaxation raethod. 

The two equations are cross-coupled by an iterative process 
between the relaxation and matching solutions. This method was 
used to analyze the QCGAT mixer-lobe design (ref. 14, 15, and 16). 

3.4.2 Mixer-Lobe Design Procedure and Geometric Definition 

The initial geometry definition analyzed with the 3-D viscous 
program was based on the empirical mixer optimization study and the 
radial-equilibrixim flow solutions. The core and bypass strecims are 
analyzed separately. The program analyzes a single lobe passage 
which corresponds to the open lobe section in the stream. When the 
core stream was analyzed, the shroud wall is decreased slightly 
which truncates the tip of the lobe. This is necessary since the 
lobe blockage approaches 100 percent as it nears the wall, and the 
program calculations cannot negotir*te the extremely blunt region 
followed by an infinitesimal flow area. In the bypass stream the 
same truncation is applied to the luab wall. 

The 3-D viscous analysis of the preliminary mixer-lobe design 
showed undesirable velocity distributions and higher-than-desired 
losses. Flow problems were thought to be due to excessive 
end-wall curvature or excessive hub-to-shroud diffusion grad- 
ients. ‘iix alternate geometries were analyzed in detail in an 
attempt to reduce the losses and imrove the velocity distributions. 
The lobe length, taper ratio, aspect ratio, and end-wall curvature 
were changed (Table 3-7). The three main lobe shapes; parallel, 
radial, and modified radial, v/ith the hub and shroud walls at 
the mixing plane, are compared as shown in Figure 3-45. The 
core lobes are symmetric about the zero-radian (0®) line and 
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TABLE 3-7. MIXER LOBE DESIGN COMPARISON 


Core Lobe Configuration 

Geometric Parameters 

TR 

AR 

PEN 

L 

cm 

(IN. ) 



Short Parallel 

1.0 

3.5 

0.77 

39.82 

(15.68) 

Long Parallel 

1.0 

3.5 

0.77 

49.98 

(19.68) 

Short Radial 

1.8 

3.14 

0.73 

39.82 

(15.68) 

Long Radial 

1.8 

3.14 

0.73 

49.98 

(19.68) 

Offset Long Radial 

l.C 

3.14 

0.76 

49.98 

(19.68) 

Modified Long Radial 

3.5 

3.52 

0.77 

49.98 

(19.68) 


Where TR = Taper Ratio 

AR = Aspect Ratio 

PEN = Penetration Ratio 

L = Length from Turbine Rotor Exit to 
Mixing Plane 
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Figure 3-45. Basic Mixer-Lobe Geometries 




the bypass lobe Is syrametrir about the 0.26-radian (15*) line. 

The offset-design was moved outward in the radial direction to 
a new radius ratio so that the tip radius v;as identical to the 
tip radius of the parallel wall lobe. 

3.4.3 tlixer-Lobe Analytical Results 

The core flow was analyzed for all six lobe configurations. 

The bypass lobe was analyzed for the short- and long-parallel and 
radial designs only, since the bypass flow appeared to be rela- 
tively insensitive •-o the lobe geometry changes and was much less 
distorted than the core stream. Emphasis, therefore, was placed 
on analyzing the core streams. 

3 . 4 . 3 . 1 ■ Total-Pressure-Ioss Contour Haps 

A comparison or the total-pressure-loss contour plots indi- 
cates the parallel and radial designs have similar loss contours 
(Figure 3-46) . The stretched versions of both the parallel and 
radial designs show improvement over their shorter counterparts 
while retaining contours similar to these counterparts. The 
offset-long radial contours (see Figure 3-47) are also similar to 
the long-radial. The modified long radial (also Figure 3-47) 
exhibits higher losses in the tip region than the other radials. 

The mcdif ied-radial contours also indicate a probable increased 
loss relative to the other designs. 

Bypass- lobe loss contours for the four configurations analy- 
zed were essentially the same. A typical loss contour is shown in 
Figure 3-48. 

3*4. 3. 2 Velocity-Ratio Contour tlaps 

The velocity ratios of the short parallel and radial lobes 
are similar except for the area of higher velocity in the 
parallel design (see Figure 3-49). The stretched parallel and 
radial designs are also similar and show the higher velocities 
being pushed radially outward compared to the shorter versions 
(also Figure 3-49) . The offset stretched-radial velocity contours 
are essentially the same as the stretched-radial contours (see 
Figure 3-50) . The modified stretched radial (Figure 3-50) exhibits 
higher tip diffusion than the other designs. A typical bypass- 
velocity contour is shown in Figure 3-51. 

3 . 4 . 3 . 3 Radial Total-Pressure Loss Profiles 

Core-integrated radial total-pressure-loss profiles are shown 
in Figures 3-52 and 3-53. The profiles are determined by inte- 
grating in the circumferential direction at given radial locations. 
Figure 3-52 is a comparison of the short and long versions of 
the parallel and radial designs. Stretched designs show less 
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Figure 3-52. Comparison of Parallel and Radial QCGAT 

Mixer Core Predicted Radial Loss Profiles 



loss in the mid-region than the shorter designs. The long radial 
design improved the tip loss over the short radial, but the long- 
parallel design increased the tip loss over the short-parallel. 
Modified and offset-long radial profiles are compared to the long- 
radial in Figure 3-53. The modified- radial shows losses much 
higher at the hub and tip sections than the long-radial. Profiles 
of the offset- and long-radial are the same except for a slightly 
lower tip loss for the offset design. In general, the stretched- 
core designs have better radial-loss profiles. The stretched- 
radial has the lowest tip- region loss, and the stretched-parallel 
has the lowest mid- and hub-region loss. 

Bypass-radial total-pressure-loss profiles for the four 
configurations analyzed are shown in Figure 3-54. Basically, 
the profiles are the same, except for the short-parallel design 
which exhibits higher hub losses due to the narrow channels with 
high curvature in the hub region. 

3. 4. 3. 4 Integrated Total-Pressure Losses 

A loss coefficient, (w) , and total-pressure losses are pre- 
sented in Table 3-8 for the core and bypass lobe sections. 
Pressure-loss design goals of 2.5 percent for the core lobe and 
0.8 percent for the bypass lobe are included for comparison. The 
roodif ied-radial high-taper-ratio was the only design that exceeded 
the core-design-goal pressure loss. The initial purpose of the 
3-D viscous lobe analysis was to rank the mixer-lobe designs in 
order of loss rather than expect actual absolute loss levels. 
Therefore, the core-lobe designs were ranked into three loss 
categories as shown in Table 3-9. 

As shown in Table 3-9, core loss was reduced by lengthening 
che lobes, thus reducing core-shroud curvature and the tip 
diffusion rate. The modified radial design, which was an attempt 
to ob..a;,xi a more uniform radial flow ratio between the core and 
bypass, resulted in an increased loss of about 1 percent over the 
other stretched designs. 

3.4.4 Mixing Duct Three-Dimensional Viscous-Incompressible-Flow 
Analysis 

The 3-D elliptic-mixing program is a general prediction pro- 
cedure for three-dimensional flows. The program uses an implicit 
finite-difference method, in which the difference equations are 
formed by integration over a small control volume surrounding a 
grid point. A hybrid formula, which is a combination of the cen- 
tral and upwind difference schemes, is used to represent the con- 
vection and diffusion terms. The flow field is characterized by 
the three velocity components, temperature, and pressure. The 
calculation initially uses an estimated pressure field in the 
momentum equations to obtain a preliminary velocity field; then 
corrections to the pressure field are calculated so that the 
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resulting velocity field will satisfy the continuity equation. 

A 2-dimensional two-e«iuation turbulence model is also included. 
References 17, 18, and 19 describe the program equations in 
detail . 

3.4.5 Design Procedure and Geometric Definition 

The initial flow conditions required for the analysis are 
the velocity, static pressure, static temperature, and turbulence 
level. Previous studios (rof. 19) comparing predicted and 
experimental results for this type of flow analysis indicated that 
the results are sensitive to initial conditions. Preliminary 
analytical results were obtained using uniform initial conditions. 
A furtlK'r analytical refinement was made using the output profiles 
from the’ 3-D viscous lobe analysis for tlie velocity, pressure, 
and temperature initial conditions at ehe mixing plane. The 
•Static pressures for both gas streams were assumed to be constant 
at the mixing plane. 

A single value of the turbulent kinetic energy factor is 
required as an initial condition. Separate Values were calculated 
for eac!: stream based on tlie tu.vbulence levels presented in 
Reference 19. A single turbulent kinetic energy factor of 0.003 
was used in tlie calculations. This level is close to the core 
stream value since only a fraction of the bypass stream is 
involved in the initial mixing. Since tlie turbulence model is a 
two-equation model, a dissipation longtli factor is required. A 
length factor of 0.02 was used. 

The grid setup had 11 nodes in the radial direction, 11 in 
the circumferential direction, and 20 nodes in tlie axial direc- 
tion. These values are the maximum allowed in the nozzle program 
version at this time due to array size limitations. The wall 
contours and lobe sliape \ieto approximated witli a symmetric grid 
system as shown in Figure 3-55. The grid spacing was altered 
circumferentially and radially for each particular lobe shape to 
account for the geometry changes. 

3.4.6 Comparison of Mixing Duct Analytical Results with Uniform 
Inlet Flov^ 


Initially, the mixing duct with the reference compound split- 
ter and *'hree basic mixer-lobe geometries (parallel, radial, and 
modified radial) , we’"o evaluated with the 3-D Elliptic Mixing 
Program in parallel witli the looo analysis. Uniform initial inlet 
conditions from the cruise des, gn point were input and the veloci- 
ties were compared at tlie end of tlie mixing duct. Peak velocity 
levels were determined from the velocity profiles circumferentially 
in line witli the centerline of the core lobe. The analytical 
results were reviewed at the end of the mixing duct. 



The cruise design point condition was used for most of the 
mixing duct analysis due to its higher velocity split as shown in 
Table 3-10. 

Figure 3-56 shows the mixing-duct exit-velocity profiles in 
line with the center of a core lobe based on uniform inlet condi- 
tions. The initial velocity profiles are also presented for com- 
parison. All three lobe configurations decrease the peak velocity 
relative to the compound nozzle. The modif ied-rr.dial has the 
lowest peak velocity and there is little or no difference in the 
peak velocities for the parallel- and radial-lobe designs. It 
should be noted that the compound-splitter circumferential velocity 
is constant whereas the velocity decreases circumferentially for 
the mixer lobes. 

3.4.7 Comparison of Mixing Duct Results with Predicted 
Inlet Profiles 


The effect of initial conditions on the mixing-duct exit- 
velocity profile was investigated. The lobe-exit profiles (com- 
puted from the 3-D viscous analysis) were used as initial condi- 
tions for the 3-D elliptic mixing-duct analysis. These profiles 
had typically lower velocities at the lobe tip, higher velocities 
at the lobe center, and lower velocity near the hub. As one would 
expect, similar profile changes are calculated at the mixing-duct 
exit as shown in Figure 3-57. 

TABLE 3-10. AVERAGE MIXING PLANE VELOCITIES.* 



SLS T/0 

Cruise 

D.P. 

Parameters 

m/sec 

(ft/sec ) 

m/sec 

(ft/ sec ) 

^Core 

165.6 

543.5 

197.2 

647 

V 

Bypass 

124.4 

408 

127.1 

417 

V /V * ** 

Core Bypass 

1.33 

1.33 

1.55 

1.55 


*n98°K (77°F) Day, M = 0.8, Alt = 12,192m (40K ft) 

**Dimensionless 
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Figure 3-56. Core Centerline Predicted Velocity 
Profiles at Mixing Duct Exit Plane. 






Figure 3-57, Parallel Mixer Core Centerlino Predicted 

Velocity Profiles at Mixing Duct Exit Plane. 





The calculated inlet profiles from the 3-D viscous analysis 
were scaled to maintain the same average velocity ratio for all 
configurations. The velocities were scaled until the averaged 
velocity and total pressure were equal to the compound splitter 
values. With the same average inlet conditions the mixer 
configurations have a higher initial core-peak velocity than the 
compound-splitter configuration as shown in Figure 3-58. 

The effects of lobe shape on the mixing process were assessed 
by studying the calculated total temperature/ total pressure/ and 
velocity profiles at the mixing-duct exit plane as noted in 
Figure 3-55. The predicted total-temperature profiles 
(Figures 3-59 and 3-60) indicate that the lobe length had little 
or no effect on the total temperature decay rate, i.e./ there is 
very little difference between the long and short parallel mixerS/ 
or the long and short radial mixers. The increased radius ratio 
or offset ratio had very little effect on the calculated total- 
temperature profiles. However/ there is some indication that 
increasing the offset ratio produces slightly larger peak tempera- 
ture zones. Parallel lobe temperature profiles compared to radial 
lobe temperature profiles show the peak temperatures are about the 
same but the radial lobes reduce the centerline zone temperature 
by 75®K (135®R) . Use of the high-taper-ratio modif ied-radial 
rather than radial lobes reduces the peak total temperature by 
75*K (135®R) and reduces the center zone temperature by 75®F 
(135®R) over the radial lobes and 150®K (270®R) over the parallel 
lobes. The compound nozzle has a peak temperature which is 94.4®K 
(170®R) hotter than the parallel or radial-lobe peak temperatures. 
The compound center zone temperature exceeds that of the parallel 
lobe value by 169. 4®K (305®R) and it exceeds the radial lobe 
temperature by 244. 4®K (440®R) . 

The predicted mixing-duct-oxit total pressures are compared 
in Figures 3-61 and 3-62. The long- and short-parallel mixer 
total-pressure profiles are very nearly the same. The bypass 
total pressure loss is approximately 1 percent and the peak 
core-lobe total-pressure loss is about 2 percent. The long-radial 
mixer has the best total-pressure profile of the radial mixers. 

The peak lobe loss is about equal to the parallel lobes (2 
percent) , but the core mid-passage losses are higher (1 percent) . 
In addition, a substantial portion of the bypass flow indicates 
a 2-percent total pressure loss as opposed to the 1-percent 
parallel lobe loss. The short-radial mixer and the offset- 
radial mixer show peak core-lobe losses of 3 percent. The 
high-taper-ratio lobe (modified radial) shows the highest peak- 
core lobe loss (4 percent) , while the entire core midpassage 
zone indicates a 1-percent loss, and the entire bypass flow zone 
indicates a 2-percent total pressure loss. Centerline zone 
losses generated by the core centerbody are virtually the same 
for all of the mixers analyzed. 
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Figure 3-59. Parallel Mixers and Compound Predicted 
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gure 3-60. 3-D Mixing Analysis. Temperature Contours 
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Parallel Mixers and Compound Predicted Pressure Contours. 




Figure 3-62. 3-D Mixing Analysis Pressure Contours. 




The velocity contours at the mixing-duct exit plane, Figures 
3-63 and 3-64 show less variation since they are a composite result 
of the total-pressure losses and thermal-energy exchange. However, 
the high- taper-ratio (modif ied-radial) design shows substantially 
lower velocities. The relative peak velocities can be seen more 
clearly by plotting the radial- velocity profile at the circumfer- 
ential centerline of a core lobe, as shown in Figure 3-65, and the 
circumferential velocity profile at the peak-velocity radial l^'jca- 
tion, as shown in Figure 3*66. The peak velocities of the radial- 
and offset-radial are lower than the parallel, and the nx>dified- 
radial has the lowest peak velocity. The modified, offset, and 
standard radial have lower bypass centerline velocities than the 
parallel because of a wider b^*pass lobe shape at this radial loca- 
tion. 


The peak velocity decay profiles can be determined from an 
axial cut through the middle of a core lobe and perpendicular to 
the engine centerline as shown in Figures 3-67 and 3-68. The 
large number of decay zones for the mixers compared to the. com- 
pound indicate a higher velocity decay rate for the mixers. Since 
the initial peak velocities varied for each configuration as shown 
in Table 3-11, it was more meaningful to non-dimensionalize the 
local peak velocity by the initial peak velocity in order to make 
a clearer comparison. Non-dimensionalizing the local delta velo- 
city (Vpeak “ Vbypass) hy the initial delta velocity (Vcore) - 
Vbypass) gives a peak velocity decay rate curve as shown in 
Figure 3-69. The higher taper ratio (modif ied-radial) has the 
best velocity decay rate while the long-parallel has the lowest 
mixer decay rate. The compound nozzle has the lowest overall 
decay rate. In all cases it appears that the mixing-duct length 
is sufficient to maximize the velocity decay. In some cases it 
appears that the mixing duct could be substantially shorter with- 
out significantly increasing the mixing-duct-exit peak velocity. 

Some average properties were calculated at the nozzle exit, 
even though the mixing analysis progreun is not set up for highly 
accelerating, high Mach-number regions. Average temperature and 
peak-velocity ratios were calculated for the configurations that 
were chosen for model scale testing (see Table 3-12). Calculated 
properties were averaged at the nozzle exit, since nozzle-exit 
properties would be obtained from the model testing. Integrated 
nozzle-exit temperatures indicate the short-parallel mix-^r has 
the highest calculated mixing while the compound nozzle has 
the lowest. Mixing efficiencies could not be calculated because 
the integrated total temperatures exceeded the 100 percent 
mixed value. A peak velocity- ratio term was calculated where Vi 
and V2 are the calculated unmixed velocities at the nozzle-exit. 
Peak velocity ratios appear to contradict the average temperatures, 
since the short-parallel having the highest mixing also has the 
highest peak velocity. This mav be a result of the inadequacy of 
the mixing analysis program in regions of highly accelerating flow. 
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Figure 3-63. Parallel Mixers and Compound Predicted velocity Contours 
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Figure 3-64. Radial and Modified Radial Mixe: uobe Predicted Velocity Contours 




Figure 3-65. Core Centerline Predicted Velocity 
Profiles at Mixing Duct Exit Plane 




AXIAL VELOCITY ~(m/s) 


I 1 I 

400 500 600 

AXIAL VELOCITY -(FT/SEC) 

RADIAL 

OFFSET RADIAL 

PARALLEL 

— MODIFIED RADIAL 

COMPOUND 


Figure 3-66. Predicted Circumferential Velocity 
Profiles at Mixing Duct Exit Plane 
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Figure 3-67. Parallel Mixers and Compound Predicted 
Axial Velocity Profiles. 
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Figure 3-68. Radial and Modified Radial Mixers Predicted 
Axial Velocity Profiles. 









TABLE 3-11 


VARIATION IN CORE PEAK VELOCITY 
AT THE MIXING PLANE. 


Configuration 

'^peak 

m/s 

FT/SEC 

Compound 

197.1 

646.8 

Short parallel 

225.7 

740.6 

Short radial 

229.0 

751.2 

Long parallel 

230.9 

757.4 

Long radial 

219.9 

721.5 

Offset radial 

226.9 

744.5 

High taper ratio 

229.6 

753.3 


TABLE 3-12. CALCULATED AVERAGE PROPERTIES 
AT NOZZLE EXIT. 


Configuration 

'^T'^'^5.2 

.. _ . . . 

Vp-V2 

V 1 -V 2 

n 

Compound 

0.5600 

1.000 

Short Parallel 

0.5685 

0.570 

Long Parallel 

0.5660 

0.552 

Long Radial 

0.5643 

0.525 
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SECTION IV 
MODEL RIg TECTS 


4.0 0.35 SCALE MODEL RIG TESTS 

4.1 Test Procedures 


4.1.1 Modol Description and Instrumentation 

Based on the empirical and theoretical analysis, four core- 
nozzle configurations and three mixing-duct lengths were selected 
for testing (see Attachment 1, Figures 6a-6c) . Geometric param- 
eters of the configurations are presented in Table 4-1 and the 
hardware required to build up each configuration is specified in 
Table 4-2. Configurations II, III and IV are illustrated in 
Figures 4-1 and 4-2. The model assembly drawing and individual 
hardware drawings are included in Fluidyne Test Report (Attachment 
1, Figures 2 and 5a through 5k, respectively) . One standard- 
compound splitter, one radial-wall mixer, and two parallel-wall 
mixers of differing lengths were tested with a long mixing duct. 
The best performing core mixer was then tested with two shorter 
mixing-duct lengths. 

Detailed rig and model instrumentation locations are 
presented in Table 4-3. The bypass instrumentation consisted of 
four total-pressure rakes of twelve probes each, eight hub- and 
shroud-wall statics, and two total- temperature rakes of 4 probes 
each at the rig bypass charging station. This station coincided 
with the AiResearch bypass-rating station (STA 14). Core 
instrumentation at the rig core charging station (STA 5.0) con- 
sisted of four total-pressure rakes of five probes each, eight 
hub- and shroud-wall statics, and four total- temperature ral;es 
of two probes each. The AiResearch core rating station (STA 5.2) 
was a considerable distance downstream of the rig core charging 
station (STA 5.0), therefore two temporary total pressure rakes 
of six probes each (see Attachment 1, Figure 5a) and three hub- 
and shroud-wall statics were located at the AiResearch core rating 
station (STA 5.2). Wall statics were also located axially 
along the plug and mixing duct. Base statics were located at 
the exit of the core nozzles (STA 16), while base and wall 
statics were located at the exit plane of the exit nozzle (STA 8). 
Instrumentation specifications and station locations are illus- 
trated in Figure 4-3. Specific instrumentation details may be 
obtained from the model prints included in the Fluidyne Test 
Report (Attachment 1, Figures 5a-5k) . 

4.1.2 Test Matrix and Run Schedule 


The run schedule for each configuration is detailed in 
Table 4-4. Each core nozzle (Configurations I through IV) was run 
with the fan shroud removed (core only at ambient temperature) . 
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TABLE 4-1. QCGAT 0.35 SCALE MODEL EXHAUST 

SYSTEM TESTS TEST CONFIGURATIONS 


No. Mixer Configuration | X/d 


cm 1 


39. 

83 

15. 

.68 

39. 

83 

15. 

.68 

49. 

99 

19. 

.68 

VO 

• 

99 

19. 

,68 

39. 

83 

15. 

,68 

l39. 

83 

15. 

.68 


I Standard Compovmd 
II Short Parallel 
III Long Parallel 
IV Long Radial 
V Short Parallel 
VI Short Parallel 


0.752 

0.752 0.77 3.5 

0.752 0.77 3.5 


0.752 


3.14 


0.501 0.77 3.5 

0.626 0.77 3.5 


N 

4> = 0.26 rad (15») 

R- “ 14. 35 cm (5.65 In. ) 


TABLE 4-2. CONFIGURATION DEFINITION 


Conf i 

■ 

Core 

Nozzle 

Centerbody 


Exit 

Nozzle 

I 


Splitter 

(SKP17162) 

Short 

(SKP17160) 

- 

Long 

(SKP17167) 

II 


Short Parallel 
(SKP17163) 

Short 

(SKP17160) 


Long 

(SKP17167) 

III 


Long Parallel 
(SKP17168) 

Long 

(SKP17169) 

X 

(SKP17172) 

Long 

(SKP17167) 

IV 


Long Radial 
(SKP17170) 

Long 

(SKP17169) 

X 

(SKP17172) 

Long 

(SKP17167) 

V 


Short Parallel 
(SXP17163) 

Short 

(SKP17160) 

- 

Short 

(SKP17166) 

VI 


Short Parallel 
(SKP17163) 

Short 

(SKP17160) j 

X 

(SKP17172) 

Short 

(SKPI7166) 








































(BYPASS CHARGING STATION) | 

(AIRESEARCH BYPASS I 

RATING STATION) I 



CORE (AIRESEARCH 

CHARGING CORE RATING 
STATION STATION) 

Figure 4-3 . Ins tr’unentation Locations. 











Each configuration was then run with both streams at ambient 
temperature for the soa- level-static and cruise-design-point pres- 
sure ratios. Following this, the core stream was heated and each 
configuration was rerun with dual flow. The total temperature 
split for the dual flow was set to match the desired full-scale 
engine value. During one dual-flow hot run, the performance data 
were recorded at the beginning of the run, and acoustic data were 
recorded during the remainder of the run. This dual-flow hot run 
was designated the primary performance run. Another separate dual- 
flow hot run was made with the exit-nozzle survey rake. Installed 
rake interference effects were anticipated, thus leaving some ques- 
tion about the absolute level of the performance. Both the acoustic 
and survey runs lasted for approximately one to one and one-half 
minute. 

The tested pressure-ratio schedules differed slightly from 
the test plan. The tested schedule is shown in Table 4-5. The 
desired pressure-split range could not be obtained with the com- 
pound splitter due to unchoking of the flowmeter at the low- 
pressure ratios and choking of the core stream in the rig adapter 
at the highest pressure ratios. The desired range was obtained 
with the compound mixer in the high-pressure-ratio end due to 
its lower core flow requirements. 

4.1.3 Acoustic Test Setup 

Acoustic testing of the QCGAT scale model nozzle configura- 
tions was conducted at the Fluidyne Engineering Corporation 
Medicine La!:e hot flow test facility. Acoustic testing was con- 
ducted to provide a comparison of the relative noise levels and 
directivities of the nozzle configurations under consideration. 

This information was used, along with the aerodynamic performance 
information gained during the testing, in the selection of the 
final nozzle configuration for the QCGAT engine. 

The acoustic test area was located in the area outside of, 
and adjacent to the mixed-flow test facility. The test area was 
bounded on three sides by concrete block walls and, as a result, 
the absolute sound pressure levels measured in this area were 
questionadjle . The test was valid however, in providing comparison 
of the noise levels on a relative basis. Six microphone locations 
were utilized for measurement of the noise directivity levels. 

The microphones were located at azimuth angles of 0.26, 0.35, 0.52, 
0.70, 0.87 and 1.05 radians (15, 20, 30, 40, 50, and 60 degrees) 
from the nozzle exhaust centerline at a radius of 2.44 meters 
(eight feet) from the nozzle exit plane. 

The microphones used were Bruel and Kjaer type 4133 (free 
field) with the microphone diaphragm oriented for normal incidence 
to the sound wave. The microphone height was located in the 
horizontal plane through the nozzle centerline. 
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2; 3 points 


3: 2 points 


4: 2 points 

5: 14 points 


6: 14 points 


1.05 
1.10 
1.15 
1.20 
1.25 
1.30 

1.2 

1.35 

1.5 

1.392 

2.396 

1.392 

2.396 




1.426 

2.419 

1.426 

2.419 


2.49 

2.62 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 

2.49 


7 : 1 point 

8: 3 points 
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The microphones were located on the side of the nozzle I 

centerline farthest away from the major reflecting wall such that - 

the reflected signal would be subject to increased attenuation 
due to spherical divergence of the sound wave. 

A schematic diagram of the acoustic test layout and the loca- 
tion of the microphones relative to the reflecting surfaces in the 
test area is shown in Figure 4-4. 

Prior to actual acoustic testing, the test area required 
certain modifications in order to provide an area suitable for 
testing. Double stacked concrete culverts with an approximate 
1.2 meters l)y 1.2 meters (4 feet by 4 feet) opening in the lower 
culvert are normally used as an exhaust deflector, A single culvert 
is located next to the double stacked culvert. These culverts are 
located immediately aft of the test cell. 

For the acoustic testing, these culverts were removed from 
the imnediate test area to accommodate the required microphone 
locations. The single culvert was completely removed from the 
test area. The double-stacked culvert was moved rearward as far 
as possible to the position shown in Figure 4-4. This culvert was 
used in this position to provide defJ.ection of the exhaust stream. 

A fiberglass lined plywood barrier was constructed across the 
test cell door opening. This door opening is 1.8 meters (6 feet) 
wide and under normal operation the nozzle exhaust exits through I 

this opening. The intent of the barrier v\?all was to isolate the 
jet noise produced by the scale model nozzles from the test cell 
noise sources. 

A photograph of the acoustic test setup with the acoustic 
isolation barrier across the door opening is also shown in 
Figure 4-4. 

4.1.3.]- Acoustic Data Recording 

Each scale-model nozzle-configuration was tested per the test 
run scliedule of Table 4-4. Acoustic test surveys were conducted 
only at the pressure ratios of schedule No. 3. Each specified 
acoustic data point was operated continuously until the noise data 
for that condition was completed. The noise data of each micro- 
phone location was recorded on a Kudelski Nagra IV, dual channel 
tape recorder. Data was recorded for a minimum of 15 seconds at 
each microphone location using a tape speed of 38.1 cm/s (15 
inches per second) . 
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Prior to each test sequence, the ambient noise of the test 
area was recorded at each microphone location. Individual measure- 
ments of ambient temperature, ambient pressure, relative humidity, 
wind velocity and wind direction were recorded immediately prior 
to and after each test sequence. 

4. 1.3. 2 Acoustical Instrumentation 

The acoustical instrumentation and equipment utilized during 
the acoustic testing are listed in Table 4-6. 

4. 1.3. 3 Acoustic Test Schedule 

As shown in Table 4-4, acoustic data was taken for each 
nozzle configuration at pressure ratio schedule No, 3, Table 4-5 
shows the desired core and bypass pressure ratios and temperature 
split for tills test schedule. 

Prior to actual testing, it was determined that the air 
temperature in the reservoir tank used for supplying bypass air 
to the nozzle could vary from run to run due to pump work input 
and change in ambient air temperature. The resultant core and 
bypass flow velocities at the rating station, for a constant core 
and bypass pressure ratio, could vary significantly for each nozzle 
configuration tested. 

As a result, it was decided that maintaining similar core and 
bypass velocities at the nozzle rating station was more important 
to the acoustic test results than maintaining a given pressure 
ratio schedule. 

Consequently, the bypass rating station temperature was 
monitored at the beginning of an acoustic run. Since the core 
temperature was being set to a given temperature split between 
the two streams, both the core and bypass pressure ratios were 
adjusted to account for changes in tank temperature. This 
resulted in maintaining a relatively constant velocity at Lhe 
nozzle rating station for each tested nozzle configuration, 

4. 1.3. 4 Acoustic Data Reduction 

Reduction and analysis of the acoustic data taken at the 
Fluidyne test facility was performed at the AiResearch acoustics 
laboratory. Data reduction was performed by 1/3 octave frequency 
analysis with an acoustic instrumentation package utilizing on-line 
computer capability, A schematic diagram of the acoustic data 
reduction and analysis system is shown in Figure 4-5, 

The resultant acoustic data for each nozzle configuration at 
both the sea level static and cruise operating conditions are 
contained in Appendix D, The resultant acoustic data shows 
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TABLE 4-6, ACOUSTICAL INSTRUMENTATION 


o 

Condenser Microphones, (6) , B&K Type 4133 


o 

Microphone Preamplifiers, (6), B&K Type 2619 


o 

Portable Tape Recorder, (1) , Kudelski Nagra 

IV-SJ 

o 

Sixteen Channel Microphone Power Supply (1), 

B&K Type 226 

o 

Condenser Microphone, (1), B&K Type 4145 


o 

Battery Cathode Follower, (1) , B&K Type 2630 


o 

Pistonphone -Calibrator , (1), B&K Type 4220 


o 

Microphone Cables, (6) 


o 

Microphone Windscreens, 1.27 cm (1/2 inch), 
Type UA0459 

(6) , B&K 

o 

Psychrometer - Sling, (1) Taylor Model 1323 


o 

Wind meter, (1), Weather-Measure Corporation 

W121-SD 

o 

Microphone stands, (6) 






TEK 4631 
HARD COPY UNIT 


Figure 4-5. Acoustic Data Analysis System. 
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conclusively that scale model configuration II provided the lowest 
relative noise levels of the six nozzle configurations tested, 

4.1.4 Nozzle Exit Survey 

The exit survey rake is shown in Figure 4-6 and the mounting 
structure is shown in Figure 4-7, The survey system was free- 
standing with no connection to the rig or model hardware. The 
rake was rotated about the nozzle centerline by an actuator and 
ring-gear system. The survey rake can be actuated through a 
<''.28 radiiin (360 degree) arc in increments of 0.017 to 0,279 
radians (one to sixteen degrees) . For this test it was set for 
0.0f)2 radian (three-degree) increments over a 0.523 radian (30- 
degree) segment. The control unit was activated by a manual 
stopping switch with tracking of the location provided by a digital 
readout. The survey rake sensors consisted of 15 thermocouples, 

6 total-pressure probes, and 3 static-pressure taps (a pitot-static 
at the centerline of the survey rake and 2 wall statics on the 
nozzle-exit shroud) . 

The survey-rake system was mounted on an adjustable platform 
which allowed accurate locating of the rake relative to the nozzle. 
The survey-rake initial position was horizontal; therefore, the 
nozzle-exit-wall statics were at 1.57 and 4,71 radians (90 and 270 
degrees) . These were used as location points to aid in aligning 
the rake. The rake-centerline static-pressure tap was aligned in 
the same axial plane as the wall statics. The same alignment 
procedure was used for each configuration. 

A survey run consisted of bringing the rig flow system up to 
tlie run condition and allowing the flow to stabilize. Perform- 
ance and survey data were recorded for the first rake location, 
the temperatures were recorded on a digital printer, and the 
pressures were recorded by * photographing a manometer board. Once 
tlie photograph was taken, the controller manual stepping switch 
was activated. About three seconds were required for the rake to 
reach its new position as indicated by the controller digital 
readout. Approximately five seconds elap>sed from the time the 
rake was in its new position until the new picture was taken. 

Visual observation of the mercury manometers indicated that pres- 
sure stabilization occurred within approximately one second after 
the rake reached each new position. 

4 . 2 Data Reduction 

4.2.1 Model Inspection 

An enlarged end view tracing (lOX scale) of each mixer core 
nozzle was made with a side view tracing machine. Each lobe area 
bounded at the liub by the plug radius was integrated with a digiti- 
zer machine, and lobe hub radii wore inspected and averaged (see 
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Table 4-7) . If Interference with the plug radius occurred, an 
incremental area was calculated based on the plug radius and aver- 
age lobe-hvib radius. This delta assembly area was added to the 
summation of the lobe integrated areas to obtain the assembled 
mixer core-nozsle exit areas. 

Bypass-nosale exit areas were obtained by subtracting the 
core-nozzle exit area and trailing-edge blockage area from the 
total mixing-plane area. The mixing-plane area dimensions con- 
formed to blueprint specifications since the plug radius and fan- 
shroud radius conformed to specifications. The trailing-edgc 
blockage was calculated from the print by the following! 

• " (PERIMETER) (THICKNESS) 

The splitter core-nozale area was initially Inspected at 
four di^uneters; but, due to some asymmetry which occurred when 
the static pressure lines were soldered, it was reinspected at 
18 diameters (every 0.1745 radians (10 degrees)] (Table 4-8). 

The final inspected mixing plane areas used in the data 
reduction are presented in Table 4-9 . 

Nozzle-exit diameters were inspected at four locations. The 
inspected area for both exit shrouds (Drawings SKP17166 and ^ 

SKP17167) was 320.947 cm^ (49.747 in^) for the model or 2619.99 cm 
(406.10 iu^) full-size. This was essentially the same as the 
drawing specified area of 320.896 cm^ (49.739 in^) model scale or 
2619.3 c.-n^ (406.0 in^) full scale. 

Mixer-core lobe shroud-exit-diameter inspections were made 
at the rig site for two purposes. The first reason was to 
verify the core areas calculated with the effect of the plug 
interference when the mixers were installed. The second reason 
was to determine if any permanent area change occurred after 
having run several hot runs. Inspected diameters are shown in 
Table 4-10. Average delta diameters between installed and 
uninstalled mixers matched tl.e estimated results within 0.254 cm 
(0.100 in). This is within 0.25 percent of the core area. 
Therefore, the core areas as calculated earlier were used as 
installed areas. After several hot runs, each mixer was removed 
and allowed to cool. Lobe shroud diameters were measured and 
compared to the initial uninstalled condition (see Table 4-10) . 

All mixer lobe shroud diameters decreased slightly after having 
been run hot. The estimated area change was less than 0.36 
percent. Geometric areas were not corrected to account for this 
small thermal shift. 
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TABLE 4-7. INSPECTION’ DATA SCALE HIXEA CORE N022LE. 


Configura- 

tion 


Mixer C 

(Sispmea) 



Area 

Cm^ 

(In.^ 


677 
6U 
13.761 
14.212 
13.948 
14.187 
14.045 
13.909 
13.916 


13.999 

14.006 

7,0' 

3.9 






1 

13.670 


z 

13.768 


3 

13.316 


4 

13.703 


5 

14.258 

‘Uxer A 

6 

13.477 

ISKP17163) 

7 

lj.581 


8 

13.606 


9 

13.806 


10 

13.903 


11 

13.568 


12 

13.361 


ta 1 

164. VI 


1 .e AVI 

I3.b7l 


( 2 . 120 ) 

( 2 . 110 ) 

.2.133) 

.2.203) 

(2.162) 

(2.199) 

(2.177) 

(2.156) 

(2. 157) 
(2.137) 
(2.^2) 
(2.171) 

^25.897) 

12.158) 


(2.119) 

i2.134) 

i2.064) 

(2.124) 

^2.210) 

(2.089) 

(2.105) 

(2.109) 

(2.140) 

(2.155) 


(2 

060 ' 

12 

087 ' 

(1 

994 

(2 

. 1 17 ) 

2 5 

, 597 ) 

(2 

. 133 ) 


5. on 

a. 973) 

4.940 

(1.945) 

4.953 

(1.950) 

4.938 

(1.944) 

4.935 

(1.943) 

4.925 

(1.939) 

5.014 

a. 974) 

5.044 

(1.986) 

4.890 

(1.925) 

4.890 

(1.925) 

3.052 

(1.989) 

5.060 

(1.992) 

4 .050 

(1.957) Avg. 



5.194 

1 i2.045) 

5.202 

(2.048) 

5.123 

1 (2.017) 

5.118 

: (2.015^ 

5.232 

1 v2.060) 

5.149 

(2,027) 

5.144 

(2.025) 

5.232 

(2.060) 

5.271 

(2.075) 

5.220 

(2.055) 

5.215 1 

12.053) 

j . 1 9 4 1 

j (2.045) 

5.191 1 

1 

; U.04 38) Avq. 
1 


‘^Interference 
4.971 (1.957) ^ 


5.027 (1.979) - 
• 0.056 C» (0.022 in. 


1376.96 Cm' (213.43 In. 


lA • n (1.979^ - 1.957^) 


« 25.897 ♦ 0.272 • 

• 1378.19 cm* 


interterence 

Aj. g - U38.90 Cm^ (207.53 vn^) 
‘Ni.embly * ° 

greater than the plug radiua. 


p. g - 1348.13 Cm‘ (208.96 ;n‘) 
• 4.909 Cm (1.933 in) 


interference 


0.117 Cm (0.046 in) 


A • 3.645 Cir^ (0.565 in') 

- 160.786 Cm^ (26.162 ui*) 


CCRR r.s. 


1377.86 Cm^ (213.57 in^) 


L2] 
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TABLE 4-8, MODEL INSPECTIONS - SPLITTER (SKP17162), 


Measure- 
ment No. 

Ang 

le 

Diameter 

Notes 

Radians 

a 

(Degrees) 

Cm 

(In) 

HBHIi 

0 

(0) 

17.539 

(6.905) 

Diameter measured 


0.174 

(10) 

17.546 

(6.908) 

every 0.1745 rad. 


0.349 

(20) 

IV .655 

(6.951) 

CIO®) sameoforien- 


0.523 

(30) 

17.848 

(7. 027) 

tation as drawing. 


0.698 

(40) 

17.810 

(7.012) 



0.873 

(50) 

17.665 

(6.955) 

, . 2 

7 

1.047 

(60) 

17.564 

(6.915) 

Ag=37.806-TT (1.979) 

8 

1.222 

(70) 

17.564 

(6.915) 

=37.806-12.304 


1.396 

(80) 

17.604 

(6.931) 

2 


1.571 

(90) 

17.645 

(6.947) 

=164.528 cm*^ 

11 

1.745 

(100) 

17.653 

(6.950) 

C25.502 in.^) 

12 

1.919 

(110) 

17.638 

(6.944) 


13 

2.094 

(120) 

17.615 

(6.935) 


14 

2.268 

(130) 

17.610 

(6.933) 


15 

2.44 3 

(140) 

17.622 

(6.938) 


16 

2.617 

(150) 

17.645 

(6.947) 


17 

2.792 

(160) 

17.640 

(6.945) 


_«1§ 

2.966 

(170) 

17.597 

(6.928) 



^AVE “ 17.622 (6.938) 


^AVE = 


243.909 cm^ (37.806 in^) 













ThMlK 4-10. inSPCCTED MIXEM LOBE SHROUD DXAKETERS * 


UninttAll^d HiK«r 


lnttAll«d MiK«r 


D«lt« DlAiMt«r 
InstAll«d-*UninBtall«d 


24. J06 
.5J0) 


\9 . ^00 ) 

v9,529) 

24.229 
^ 9 . 5 \ 9 1 

24, 359 
^9.590) 

2 4.08 1 
\9.48P 

24.226 

(9.538) 

24 . 229 
(9,539) 

2 4.20 1 
19.528) 

24.084 

19.4821 

24.204 

(9.529) 

24 , lf»0 
(9.512) 

24 . 25^ 
i9. 5*)0) 


24.257 

i9.550l 


; j . V 

: K22U 
t . 1 4 s ) 

: ^.04*s 

: 3,23 1 
l9. 147) 

2J. 144 

i*). 112) 

23. U4 
\^. 100) 


24. 

3J1 1 

(9, 

550} 

24. 

420 

(9. 

614) 

24. 

417 

l9. 

613) 

24. 

374 

i9. 

596) 

24. 

369 

(9. 

594) 

24. 

407 

i9. 

609) 


“0.0h4 

v“0.0J4) 

-0.04H 

i-O.Ol^n 

-0.1U5 
1-0. 00^*) 

-0,01<i 
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4.2.2 Core-Only Data 

The splitter-core-only configuration was initially run with 
two removable station 5.2 pressure rakes in place to obtain the 
pressure loss correlation from core station 5.0 to station 5.2. 

The core station 5.2 total-pressure rakes were then removed for 
the remainder of the testing. Thrust data was then obtained with- 
out the interference drag of the station 5.2 rakes. 

For the initial series of core-only test runs, total pressures 
wore measurt'd at station 5.0 (rig core inlet charging station) and 
station 5.2 (AiResearch core rating station). Total pressure 
profiles lor those two stations are presented in Figures 4-8 and 
4-9. These total pressures were integrated by area averaging since 
the profiles are fairly uniform and the static pressure gradients 
are nearly uniform. The core-adapter-duct total-pressure loss is 
presented in Figure 4-10 as a function of the s<iuare of the inlet 
Mach number. The data falls close to the theoretical friction- 
loss calculation, which indicates the pressure loss is linearly 
proportional to the duct dynamic pressure over the range of tost 
conditions. Therefore, the total pressure loss between station 5.0 
and 5.2 could be entered into the test data reduction deck as 
AP/1>T = 0.01427 

Core-only pressure ratios were kept below 1.3 since the core 
mixers are diffusers and, based on a 1-dimcnsional analysis, station 

5.2 chokes when the pressure ratio across the nozzle roaches 1.3. 
The mixer-core nozzles typically have about a 10 percent lower 
flow coefficient tlian a splitter nozzle, hence the mixer-core 
nozzle could be run to a 1.5 nozzle pressure ratio. 

The core-stream pressure losses from station 5.2 to station 
6.0 were obtained from the core-only measured thrust coefficients. 

A throat efficiency term (Cc^) of 1.0 was assumed for the standard 
compound core nozzle since ^he exit flow angle was estimated to be 
axial and there is no convergent section as in a typical convergent 
nozzle whort* Cg = 0.997. A throat efficiency of 1.0 was also used 
to calculate the mixer-nozzle pressure losses. Therefore, velocity 
profile and flow-angle effects are included in the pressure-loss 
term. The mixer-nozzle pressure losses were calculated in this 
manner in order to be consistent with the input for the compound 
flow analysis program. With a throat efficiency of 1.0 for the 
core nozzles, the delta thrust coefficient is: 

ACp = 1.0 - Cj,, ^,gg,j,p,p 
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Core Only Runs. 
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Sensitivity of ideal thrust to total-pressure loss as a function 
of nozzle-pressure ratio is obtained from the following equation: 



(13) 


(14) 


Unfortunately, two out of the three core-only pressure-ratio 
points for the mixer configurations choked between station 5.2 and 
6.0, evidently due to the 3-dimensional blockage effect of the 
lobes in conjunction with the local acceleration along the plug 
surface. Unrealistic high-pressure loss was obtained from the 
remaining 1.2 pressure-ratio point for each of the mixers. This 
is considered to be the result of the thrust accuracy at low- 
pressure ratios. The final mixer-core pressure losses were obtained 
from the procedure discussed in the following section. 

4.2.3 Dual Flow Data 


Typical core inlet total-pressure and total-temperature pro- 
files for a hot dual-flow run are shown in Figure 4-11. Core and 
bypass total-pressure probes were area weighted for simplicity 
since the error is negligible due to the uniform total-pressure 
profiles and static pressure data. Total temperature element 
locations were also area weighted. Typical fan inlet total- 
pressure and total-temperature profiles are shown in Figure 4-12. 

The standard-compound exhaust nozzle cold-flow test data was 
used to establish the mixing duct total-pressure loss. The mixing- 
duct and bypass-duct losses? were initially estimated by using the 
standard friction-loss analysis. The core total-pressure loss was 
obtained from the core-only test data. Minor adjustments were 
made to the mixing-duct and bypass-duct losses until the tested 
thru it coefficients and coi rected airflows were matched. Both the 
sea- Level static and cruise design point cold-flow test data was 
used in establishing the mixing-duct and bypass-duct total-pressure 
losses for the standard-compound exhaust system. The mixing-duct 
shroud friction loss was assumed to be the same for all configura- 
tions. After establishing ^he mixing-duct losses, the losses 
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through the mixer could be determined. The predicted core and by- 
pass losses were adjusted until the tested thrust coefficients and 
corrected flows were matched for each configuration. The cold flow 
sea-level static and cruise-design point data were again used to 
establish the losses for the respective configurations. The losses 
derived from the test data and the predicted losses were in good 
agreement. Details of the comparison are covered in Section 4.5. 

The mixing efficiency can be determined by comparing the hot- 
flow and cold-flovr test data. Before this is done, however, a heat 
transfer correction must be applied to the hot-flow data. During 
dual-flow hot runs, the core stream was heated to 921“K (1200®F) 
and controlled to a desired temperature to duplicate the predicted 
temperature split, Tr ( core )/T t( bypass ) » of the full scale engine. 
Each of the configurations were run witli dual-flow, hot-core condi- 
tions at the SLS/TO and cruise design-point pressure-ratio settings. 
Since the core stream total temperature probes were located 
upstream of station 5.0 (inlet-charging station), the distance to 
the rating station 5.2 was approximately 40 inches. Therefore, 
heat transfer occurring between the rig charging and AiResearch 
rating station would lower the actual rating-station temperature 
from the measured inlet value. At the nominal design point, the 
delta temperature was calculated to be 4.4*K (0*F) or about 1 per- 
cent error in the core total temperature. Since total temperature 
affects not only ideal thrust but al‘=50 the mixing-efficiency cal- 
culation, a temperature correction was included in the thrust data 
reduction program as shown below: 



(15) 


The heat-transfer correlation included the effect of flow ratio 
between the cold and hot streams. For the range of flow ratios 
tested, the computed change in temperature ranged from 3.33®K 
(6“F) to 6.6“K (12“F) . 
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with the corrected core total temperature, the derived thrust 
mixing efficiency can be determined. The difference between the 
thrust coefficients from the hot dual-flow runs and thrust 
coefficients from the cold dual-flow runs yields the thrust gain 
due to thermal mixing. Percent mixing is then obtained by divid- 
ing the tested thrust gain by the ideal thrust gain possible as 
shown below: 


'-p F - F 

HOT COLD _ TEST 

'^MIX " Cp 100% =“^7 0% C 100% - C 0% 

IDEAL MIXING 

MIXING 


The ideal thrust gain is determined from the individual flow 
properties and continuity, momentum, and energy equations. 

4.2,4 Exit Surveys 

Exit-survey running time ranged from 1 to 1 1/2 minutes. 
During this period, adiabatic expansion of the flow from the pres- 
sure tank decreased the total temperature of the cold stream. 

Since the rig temperatures were set by holding a constant temper- 
ature ratio between the hot and cold streams, the core-flow total 
temperature also decreased throughout the survey run. The exit- 
survey data were recorded as the rake was moved to different theta 
locations therefore resulting in difterent inlet temperatures than 
the initial rake setting. A nondimensional correction was used to 
ratio the survey temperatures taken at each position as referenced 
to the initial inlet temperature. The correction is as follows; 


_ Z '^'^5.2 ~ ^*^T14.0 \ 

V'^T5.2 - "^T14.0 / ("^T ~ '^T14.o) ~ ^'^T14.0 
Tt5.2 ~~~ 5.2 — — 

(17) 


where : 


T<r “ Probe measured total temperature 


o = T 
5.2 


AT = T 

14.0 ^ 


primed (') 
not primed 


- T ' 

T5.2 T5.2 

T14.0 " '^T14.0 

denotes initial rake setting 
denotes subsequent rake settings 
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The equation is a linear interpolation as graphically shown 
in Figure 4-13. The correction was used at each rake setting. 
Inlet-station total-temperatures were recorded at each rake setting. 
Thus> all survey total- temperature data could be integrated, since 
each rake setting had been corrected to the same inlet reference 
conditions. 

Survey-rake total- and static-pressure probes were calibrated 
at true Mach number levels of 0.5, 0,7, 0.9, and 1.2. The 
calibration curves for total and static pressure are shown in 
Figures 4-14 and 4-15, respectively. The calibration curves were 
fit with polynomial or linear fits where appropriate. The test 
range of the measured centerline pressure ratio (P'r/Pg) was 1.25 
to 1.45, This fell between the Mach numbers 0.5 and 0.9 calibra- 
tion points. 

Initial exit-survey data reduction is explained in detail in 
Appendix A. The reduced data were area integrated and plotted. 

4 . 3 Test Results and Data Analysis 

An overall performance summary of the test configurations is 
presented in Table 4-11. Hot-flow thrust coefficients, mixing 
efficiencies, and jet noise reductions are shown. All mixer test 
configurations exceeded the thrust-coefficient design goals. 

Design goal mixing efficiency was met by Configurations II and VI 
(short parallel mixer) based on an average of both flight condi- 
tions., Configuration II also yielded the maximum jet noise reduc- 
tion. Tne short-parallel-mixer lobe provided the better perform- 
ance and lower jet noise relative to the long parallel or long 
radial lobes at sea level. The long mixing duct (X/D=0.752) pro- 
vided better performance and lower jet noise at sea level relative 
ho the shorter mixing ducts. The combination of the short 
parallel mixer and long mixing duct (test Configuration II) was 
chosen as the final full-scale exhaust-system design. 

4.3.1 Mixing-Plane Flow Coefficients 

Core and bypass mixing-plane flow coefficients for both the 
standard-compound and mixer-compound nozzles correlated well as a 
function of the total pressure ratio (see Figures 4-16 and 4-17) . 

The standard splitter-compound core-flow coefficients matched the 
predicted level whereas the mixer-compound core-flow coefficient 
was lower in level and the characteristic shape was substantially 
different above a total pressure ratio of 1.0. The predicted 
mixer-core flow coefficients came from cold-flow testing of a mixer 
design with accelerating rather than diffusing flow through the 
lobes and much less core flow turning which tended to give a more 
uniform flow profile at the mixer exit. The bypass-flow coeffi- 
cients were higher than predicted for both the standard- and 
mixer-compound nozzles. This was due to a smoother upstream 
duct with a more uniform area distribution and lower losses 
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Figure 4-13. Inlet Total Temperature Correction 
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compared to the IR and D mixer test data used for the prediction. 
Both the standard-compound and mixer-compound nozzles snow a shift 
in flow coefficients between cold and hot flow. Since cola 
inspected areas were used in both calculations, the effect of area 
change due to thermal growth and hot-flow temperature profile in the 
core stream are both affecting the flow coefficient shift. The 
standard-compound nozzles showed less than one-half percent 
difference in the core stream (see Figure 4-16) but 2- to 3-percent 
difference in the bypass stream (see Figure 4-17) . The large 
difference in the bypass appears to be due to data scatter. 

An increase of three-quarters of one percent was calculated 
for the mixer core area based on thermal growth. The data in 
Figure 4-16 indicates a total flow coefficient difference of three 
to three and one-half percent for the mixer core, which leaves 
about tv/o percent to bo attributed to temperature profile. Figures 
4-17 sliows a two- to three-percent difference in the mixer-bypass 
hot- and cold-flow coefficients. This is either attributable to 
data scatter or a much larger thermal growth effect than estimated. 

Inlet flow consistency was checked by plotting core- and 
bypass-corrected flow versus the respective core and bypass inlet- 
pressure ratios (see Figures 4-18 and 4-19) . Core-corrected flows 
fell within a total pressure error band of +0.5 percent and the 
bypa: 5 s-c;orrected flows were within a total-pressure error band of 
+0.25 percent. The sensitivity of mixing-plane flow coefficients 
to inlet total pressure was based on an inlet total-pressure 
measurement error of +2 mm lig or +0.25 percent. Flow-coefficient 
data fell within the Inlet total-pressure error band as shown in 
Figure 4-20. 

4.3.2 Kxit-Plane Flow Coefficients 


Cold- and hot-exit-flow coefficients for the standard- and 
mixor-compound-nozzle systems are presented in Figure 4-21. 
Cold-flow coefficients are higher than the predicted levels, 
primarily duo to lower pressure losses in the bypass duct than 
were predi Led. Tliis was indicated by the mixing-plane bypass- 
flow coefficients in the mixing-plane flow coefficients. (See 
Section 4.3.1.) 

Tested cold exit-flow coefficients between standard- and 
mixer-compound systems are nearly the same and appear to have 
characterir ' ics similar to the predicted curves (see Figure 4-21). 
The decrea' ■ in exit-flow coefficient from cold to hot is about 
0.5 percen for the standard-compound and about 2.5 percent for 
the mixer iupound system (see Figure 4-21) . The small decrease 
for the sL dard compound is due to the change in exit velocity 
gradient caused by the temperature profile. Since the mixer system 


141 


CORE CORRECTED 





BYPASS CORRECTED AIRFLOW - WvW5)i4 (LBS/SEC) 







3ra 


0) 

c 

(Ti 

rH 

cu 

C 

•H 

X 

•rH • 

6 -H 


0) 

4J 

cn 

>1* 


> 

•H 

tn 

c 

4-> 0) 

w w 

0 


4-» 

C 

0) 


u 

rH *H 
<D <4^ 
T5 

O 0) 

:z o 
u 


< 

O 

u 


o 

H 


a Cm 


0 

(N 

1 

0) 

M 

:3 

cn 

'H 

Cm 


\ 


i 

1 

i 


i 

I 


I 

I 


I 


D - 1N3I3IJJ30D 
AA033 SSVdXa 


STANDARD COMPOUND (CONFIGURATION I) 


PREDICTED COLO 


C DUAL FLOW HOT DATA 
C DUAL FLOW COLD DATA 

t - I ■ t-— 

BASrO ON EOUAL PRESSURE 
RATIO DATA POINTS 


L\IT NOZZLE PRESSURE RATIO 

SHORT PARALLEL MIXER COMPOUND (CONFIGURATION 


{ PREDICTED COLD 

1 1 i 



1 ) 1 

DUAL FLOW HOT 

DATA 


DUAL FLOW COLC 

1 DATA 


EXIT NOZZLfc PRESSURE RATIO Pj/P 


Figure 4-21. QCGAT Model Exhr^ust System EJxit 
Plane Flow Coefficients , 






has less ol a temperature profile, the large difference between 
cold and he t flow coefficients must be attributable to the pres- 
sure loss associated with a high degree of thermal mixing. Exit- 
flow coefficients presented in Figure 4-21 are based on equal- 
pressure-ratio data points. There is some indication from data 
matching that a family of curves may exist with pea); values where 
the pressure ratios are equal. 

4.3.3 Mixing-Duct Static Pressure Distributions 

Static-pressure distribution along the mixing-duct shroud for 
configurations I through IV at the sea-level static and cruise- 
design point indicated constant static pressure through the 
constant area mixing duct (see Figure 4-22). Static pressures 
read the same at circumferential locations of 0“ and 15“ . 

Plug-axial static-pressure distributions indicate that the flow 
field tlirough the core was substantially different between 
standard- and mixer-compound nozzles. From the rating station 
105.16 cm (41.4 in.) to station 116.84 cm (46 in.) (where the 
mixer lobes begin) the flow is diffusing with tlie standard- 
compound as designed, but is accelerating with the mixer-compound 
nozzles (see Figures 4-23 and 4-24) . Because of the curvature 
effect of the plug, the flow accelerates locally along the plug 
surface from station 116.84 cm (46 in.) to station 127 cm 
(50 in.). However, the flow accelerates more rapidly with the 
mixer nozzles indicating an increased effective blockage due to 
the mixer lobes. The blockage effect of the lobes may have choked 
the core near station 127 cm (50 in.) as indicated by the local 
sonic velocity in Figure 4-23. It should be noted that at a core 
pressure ratio of 1.2, the acceleration affect of the lobe blockage 
is not as severe. Since the pressure ratio across the core nozzle 
at the design point is only about 1.1, this choking effect has no 
impact on the system operation. However, the local choking that 
occurred through the mixer lobes prevented the core-only pressure- 
ratio runs of 1.35 and 1.5 from being useful in obtaining a mixer- 
core total-pressure loss. 

Plug static-pressure distributions from dual-flow runs at the 
sea-level static and cruise-design point are presented in Figures 
4-25 and 4-26. The distributions indicate the same trends as the 
core-only distributions with slightly higher local acceleration 
with the mixer-core nozzles. The peak Mach number on the plug sur- 
face is 0.41 at sea-level static and 0.53 at the cruise-design point 
for the mixer-core nozzle. The standard-compound nozzle had lower 
plug peak Mach numbers of 0.36 at sea-level static and 0.45 at the 
cruise-design point. 
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4.3.4 Mixing-Plane Radial Static-Pressure Gradients 

A radial static-pressure gradient at the exit of the core 
nozzles (dual-flow mixing plane) existed for the core-only runs 
as shown in Figure 4-27. Configurations I and II had the same 
short plug while Configurations III and IV had the longer plug 
which also had less curvature. The splitter (Configuration I) has 
a pressure gradient of approximately 1 percent which is due to the 
curvature effect of the plug causing the flow to accelerate 
lof-ally along the plug surface. Configuration II has a stronger 
gradient of approximately 2 percent from the plug to mid-lobe 
region but from the mid-lobc to the lobe-tip region the static 
pressure is constant. Configurations III and IV have a J percent 
pressure gradient from the plug to the mid-lobe region, which is 
the same as the. splitter, but with a plug of less curvature. The 
gradient from mid-lobe to lobe-tip for the III and IV is roughly 
constant, this was also true for Configuration II. 

The static-pressure gradient from the plug to mid-lobe region 
decreased from approximately 2 percent during core-only runs to 
approximate]" 1 percent in the dual-flow mode (see Figure 4-28). 

The gradient u.n the mid-lobe to the lobe-tip region changed from 
constant in the core-only to approximately 1 percent in dual-flow. 

A sharp gradient of 1-1/2 percent occurred from the lobe-tip to 
the fan-shroud region in dual flow. The overall static-pressure 
gradient is aj)proxinately 1 percent less for the sea-level-static 
runs than for the cruise-design-point runs. The pressure gradient 
is about 1/2 [)ercent stronger from the cold to hot conditions at 
sea-level static but nearly the same at the cruise-design-point 
cold to hot conditions. 

A comparison of the static-pressure gradients of each of the 
configurations at sea-level static and the cruise-design point is 
presented in Figures 4-29 and 4-30. Configuration III (long- 
parallel mixer) has a lower static-pressure gradient at both sea- 
level static and cruise-design point than the other mixer 
configurations. The mixer configuration gradients are slightly 
greater than the standard compound at sea-level static but are 
about the same at the cruise-design point. 

Radial static-pressure gradients at off-design performance 
points are shown in Figures 4-31 and 4-32 for the standard compound 
(Configuration I) and the short parallel mixer (Configuration II) 
respectively. In both configurations, a larger static-pressure 
gradient occurs when the total-pressure ratio (PT5 . 2 /Pt 14 . 0^ 
greater than 1.0. When the total-pressure ratio is less than 1.0, 
the gradient is a minimum. At a pressure ratio of 1.0, the core 
Mach number is slightly higher than that of v.h bypass, therefore, 
the core-s tatic-pi'essure is slightly lower, ctt’-sing some pressure 
gradient to occur as shown in Figures 4-31 and 4 “32. As the pres- 
sure ratio increases to a value greater than 1.0, the core Mach 
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Figure 4-28. Mixing Plane Radial Static Pressure 
Profiles, Configuration II. 
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Figure 4-29. 


Mixing Plane Radial Static Pressure Profiles, 
Dual Flow Sea Level Static Conditions. 
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Figure 4-30. Mixing Plane Radial Static Pressure Profiles 
Dual Flow Cruise Design Point Conditions. 
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nuiTiber inc reases over the bypass Mach number and the static- 
pressure I radient increases. At total-pressure ratios less than 
1.0, the bypass Mach number becomes greater than the core Mach 
number and the static pressure in each stream approaches the same 
value. TJiis decreases the static pressure gradient as shown in 
Figures 4-31 and 4-32. 

4.3.5 Acc ’ ustic Surveys Measured Noise Data Scaled to Full-Size 
Nozzle 

The reasured noise levels for each of the six scale model 
nozzle cor. figurations are presented in Appendix D. The measured 
static noise data shows conclusively that Configuration II (short 
parallel mixer and long mixing duct) provided the lowest noise 
levels of the six configurations tested. 

In order to provide additional information regarding the 
relative acoustic performance of the six nozzle configurations 
tested, the scale model noise data was scaled to a full size nozzle 
in flight and the resultant jet noise levels were "flown" simulat- 
ing a FAR Part 36 takeoff noise certification procedure, 

4 . 3 . 5 . 1 S caling Procedure 

The scaling procedure utilized the jet noise prediction methods 
of References 20 and 21. In this procedure, the scale model nozzle 
static jet noise levels were predicted based upon the known operat- 
ing conditions for the nozzle. The predicted jet noise directivity 
levels were then compared to the measured noise directivity levels 
and a correlation, i.e., delta dB, between predicted and measured 
levels was established for each one-third octave frequency at 
eac^h microphone location. 

A jet noise prediction for the full-size nozzle configurations 
was then performed based upon the full-size nozzle geometry and 
operating conditions of each nozzle in flight. The necessary 
shift in fre<iuency of the peak jet noise levels was also estab- 
lished. The resultant full-size nozzle jet noise levels were 
determined by algebraically adding the corrections established 
between the predicted versus measured scale model static noise 
levels to the predicted levels for the full-size nozzle, accounting 
for the necessary frequency shift. The scaling procedure is sum- 
marized in Figure 4-33. 

Figure 4-34 presents a typical result of the scaling proce- 
dure in which the measured noise data for Configuration II has been 
scaled to a full-size nozzle configuration in flight. The data 
shown is based on the measured sea level static takeoff condition 
and is for microphone location 6 (1.04 Radians [60°] from the jet 

exhaust centerline) . A similar scaling result was accomplished 
for each microphone location. 
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4. 3. 5. 2 FI /over Procedure 

The resultant full-size nozzle jet noiee levels were "flown" 
by computer program to determine the relative jet noise levels 
corresponding to the FAR Part 36 takeoff certification condition 
in terms of effective perceived noise level (EPNdB) for each nozzle 
configuration, see Reference 22. 

Figure 4-35 presents a summary of the flyover prediction pro- 
cedure. The full-size nozzle jet noise directivity levels were 
"flown" along an assumed aircraft takeoff flight path. The aircraft 
flight profile used in the flyover prediction was the reference 
takeoff profile of the QCGAT conceptual aircraft. The aircraft 
flight profile, i.e. climb angle, was adjusted from the reference 
climb angle as a function of the measured nozzle thrust coefficient 
for each nozzle configuration by the following expression: 


Sin a 





AGW 



•f Sin 


where : 



is 

the 

^ID 

is 

the 


is 

the 

AGW 

is 

the 

“r 

is 

the 


aircraft climb angle 
reference thrust 
nozzle thrust coefficient 
aircraft gross weiglit 
reference climb angle 


The results of the flyover noise analysis in the form of the 
relative jet noise level reductions in units of EPNdB for each 
mJ xer nozzle configuration is shown in Figure 4-36. The relative 
jet noise reductions are referenced to the compound nozzle with 
assumed zero percent mixing, i.e., evaluated acoustically as a 
co-annu]ar system. 


The results of the flyover analysis for the scaled up full- 
size nozzle configurations confirm the previous conclusions that 
nozzle configuration II will provide the lowest jet noise levels 
of the six nozzle configurations tested. This conclusion, combined 
with the su]3erior sea level static aerodynamic performance for 
configuration II, resulted in this configuration being selected 
for use on the QCGAT engine. 


162 


V 



<D 


TJ 

0 ) 

U 

o 

u 

Ck 

t: 

o 

•H 

4 J 

O 

‘r-4 

0 ) 

M 

CU 

Q) 

W 

•H 

O 

M 

0 ) 

> 

0 

>1 

rH 

Cm 


LH 

ro 

I 

<D 

:3 

tT' 

•H 

Cm 


163 





9PNd3v - .isvanau axvua 
IMOUd (IAIN S'C) lAiM S'9 ® 3SION 13P 
UdAOAld ddOBXVi Nl 3SV3U33a 



* 




i 


i 

.'5! 


\ 


2 


Figure 4-36. Flyover Jet Noise Reduction Versus .Mixing Efficiency. 







4 . 4 Exit Surveys 
4.4.1 Contour Plots 


original page is 

OF POOR QUALITY 


A 0.f)2-Radian (thirty-degree) pie-shaped segment of the 
exhaust duct at the exit plane was surveyed for the tested con- 
figurations at the sea-level-statio take-off and cruise-design 
points. S.ince the sea-level-static take-off and cruise-design 
point surveys were basically identical, only the sea-level-static 
take-off ccm tours will be discussed in detail in this section 
with comparison of the surveys for both conditions covered in a 
subsequent section. 

Contour maps of total pressure ratio, total temperature ratio, 
and velocity ratio for Configurations I through IV are presented 
in Figures 4-37, 4-38 and 4-39, respectively. The survey plots of 
the mixer configurations (II, III and IV) bound the region 
between the centerlines of two core lobes. 


A value for the total pressure split (^t 14 . O^^TS 2^ 
rating station is provided along with the total temperature split 
C^T14 . o/'^TS . 2^ core critical velocity value (acr5.2) 

reference. 


The standard-compound (Configuration I) exhibited large 
isobar regions for the core and bypass flows at the nozzle exit. 
This can be seen in Figure 4-37. From the contour values, the 
bypass loss would be estimated at 0.7 percent and the core loss at 
about 1.0 percent. This agrees well with the thrust data results 
which will be covered in a later section. A small annular region 
of apparent mixing occurred between the core and bypass regions. 

In Configurations II and III (parallel mixers) core flow was 
moved radially outward into the shroud region while bypass flow 
was moved radially inward towards the hub region. Configuration 
IV (radial mixer) shows the same trend as the parallel mixers but 
to a larger degree. This would be expected from a geometry com- 
parison as shown earlier in Figure 3-45. 

Total temperature contours exhibit the same trends described 
above for the total pressure contours but the trends are more 
pronounced as shown in Figure 4-38. Again, a small thermal-mixing 
region occurs for the standard compound with a large high tempera- 
ture core center region present. The parallel mixers reduced the 
peak temperature by approximately 25 percent compared to the 
standard compound and the radial mixers which reduced the peak 
temperature by approximately 47.5 percent. The peak temperatures 
of the par£illel mixers occurred in the hub region over a very 
small area, v/hereas the radial mixer peak temperature occurred as 
an annular mid-region of significant area. Hot-core flow regions 
also occurred in the shroud regions of the parallel mixers 
indicating core flow might have been exiting the mixer lobes with 


TOTAL 

PRESSURE 




Fiyure 4-38. ijCGAT Model Exhaust Exit Nozzle Temperature Surveys 
at Se:» Level Static. 



gure 4 - 39 . QCGAT Model Exhaust Exit Nozzle Velocity Surveys 
at Sea Level Static. 



an outward radial velocity component. Configuration II appears 
to have the smallest hot temperature zones and the smallest cold 
temperature zones, indicating more thermal mixing than in the 
other configurations. 

The effects of thermal mixing and pressure loss determine 
the velocity levels at the nozzle exit as shown in Figure 4-39. 

As expected, the standard compound has two large velocity regions, 
the high core velocity at the center and the lower bypass velocity 
in the annular shroud region. All the mixer configurations 
reduced the peak velocity region size and level relative to the 
standard compound. The core critical velocity at rating station 
5.2 at the sea- level-static setting is approximately 488 m/sec 
(1600 ft/sac) . Therefore, the mixer configuration peak velocities 
were about 30.5 m/sec (100 ft/sec) lower than the standard com- 
pound and were considerably reduced in size as shown in Figure 
4-39. 


Two additional mixing duct lengths with ratios of X/D = 0.50 
and 0.63 were tested with the short parallel mixer to compare to 
the long mixing duct (X/D = 0.75) results of Configuration II. 
Comparisons of P-p, T«j., and velocity are shown in Figures 4-40, 

4-41 and 4-42, respectively. The total pressure contours are 
included iot completeness (see Figure 4-40) , but the comparison 
is affected by the rating station total pressure split which var- 
ied between the configurations by as much as one percent. No 
iirimediace conclusion can be obtained based on the pressure con- 
tours. However, in Figure 4-41, Configuration II has a smaller 
high temperature region and smaller cold temperature region, indi- 
cating a higher degree of thermal mixing than Configurations V or 
VI. Velocity concours are similar for all three mixing duct lengths, 
(see Figu re 4-42) . The shorter duct (Configuration V) has slightly 
largcir high velocity zones at the shroud an^. in the mid-region. 
Configuration II has lower velocity zones at the hub and mid- 
region than V and VI, thus Configuration II appears to have 
slightly improved mixing due to the increased length over the 
other mixing ducts. 

4.4.2 Radial Profiles 


Total temperature contour plots for the sea-level-static 
take-off power setting were presented in the previous section. 

The cruise design point contours were essentially the same, as can 
be s€;en by comparing the radial temperature profiles at 0° (core 
lobe centerline position), 6®, and 15° (bypass-lobe centerline 
position) as shown in Figure 4-43. The radial profiles are 
essentially the same at each of the three circiimferential posi- 
tions; thus the level of thermal mixing appears to have remained 
the same between nozzle pressure ratio settings of 1.4 and 2.4. 
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MIXING DUCT LENGTH VARIATION 



igure 4-41. QCGAT Model Exhaust Exit '^’empera ture Surveys at Sea 
Level Static V(/ith Duct Length Variations. 




















j'lie in.egrated exit total temperature was based on the ten 
tempei ature elements recorded on the survey rake side without 
pressi.re reidings. The five thermocouples located on the same side 
of tJ\c rake as the total pressures were used for backup thermo- 
couplfs and a symn»etry check. During the testing, all of the 
thermc-couples remained operational. The set of five backup 
thermc couples was recorded but only used for a symmetry check. 

A coini arisen of total-temperature radial profiles on both sides of 
the ti ke inuicated the exit nozzle temperature contours were 
symmetric as shown in Figures 4-44, 4-45 and 4-46 for Configura- 
tions II, I I, and IV, respectively. Configuration IV, the radial 
mixer, had she largest deviations on the radial profiles. The 
nood c;ogroe of radial profile agreement on both sides of the 
rake indicate that the integrated total temperatures are a good 
representation of the entire nozzle exit. 

4.4.3 Tested Versus Predicted Nozzle Exit Integrated Radial 
Prof j.les 


Tested and predicted total temperatures and velocities at the 
nozzli exit were integrated circumferentially to obtain radial 
profiles. "I'he mixing-analysis prediction accuracy is questionable 
in hit lily accelerating, high Mach number flow fields. (The 
prediction procedure, however, appears to bo valid with some 
modif ications . ) Since the standard compound system produces a 
symmetric f ow field, the circumferentially-integrated radial 
profile is i he best representation of the radial profile. The 
standard compound system, tlierefore, provides a comparison of the 
basic mixinti between predicted and tested data. The predicted 
temperature profile at the nozzle exit indicates a larger degree 
of mixing than the tested profile as shown in Figure 4-47. As 
shown in Fieure 4-48, the predicted velocity profile is essentially 
linea: from the peak core value to the shroud, whereas the test 
data indicates that two separate velocity streams still exist 
with u small mixing zone between ther.i. At this point, it is uncer- 
tain c.B to \;hether the static pressure gradient, the temperature 
mixim. or the high Mach number region is the cause of the poor vel- 
ocity agreement at the nozzle exit. To remove the effect of the 
tempei ature profile difference between test and predicted, the 
predic'ted velocity profile was corrected by the square root of the 
measui ed to predicted temperature ratio. The resulting velocity 
profile as shown in Figure 4-48 is in fair agreement with the meas- 
ured \elocil.y profile. Therefore, it appears the predicted temper- 
ature mixint; at the nozzle exit is not valid due to a high amount 
of mixing occurring in the accelerating region of the prediction 
analytis. However, as shown earlier in Figure 4-47, the tempera- 
ture irofilc at the end of the constant area mixing duct is in 
good c.greemcnt with the measured profile characteristic. On 
this Iwisis, the mixing analysis appears to be valid in the region 
of lox Mach number up to the mixing duct exit, but predicts 
excessive mixing through the highly accelerating region. A better 
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match of the mixing-duct exit profile with the measured data 
might ‘ o obtained by adjusting the input turbulence level mixing 
length or initial static pressure gradients. Integrated radial 
temperature and velocity profiles for the mixer configurations 
(II, tll, and IV) are presented in Figures 4-49, 4-50 and 4-51. 
In the parallel mixers, Figure 4-49 and 4-50, the test data 
indicates lijss hot flow occurred in the mid region than was 
predicted and more hot flow occurred at the hub and shroud than 
predicted . 


The radial configuration (see Figure 4-51) produced a larger 
concentration of high temperature in the upper mid-region than 
was p'‘odict od and a lower amount of hot flow at the shroud and in 
the hnb region. Some of the mixer temperature difference between 
tested and predicted data could be caused by flow angle at the 
mixing plane which was input axially into the mixing-analysis 
program. This may not have been the case as was discussed earlier 
in Section 1.4.1. 

Tested versus predicted results indicate some additional wor)c 
is reguired in the analysis section to obtain better agreement 
witl) lest data. 

4 . b Mixing Efficiency Determination 

Mixing efficiency is the measure of the percentage of actual 
thermal mixing thrust gain to the ideal thermal mixing gain as 
defined below; 


'^mix _ ^ACT - ^0% 

(‘^T HOT - 
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T COLD) meas . 
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*100% 0% 
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This reduces to; 
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mix 
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^ "^T MIX -\T^T AVE 


(19) 


whore T,^, = measured exit temperature 

Tt = momentum averaged inlet temperature 

I't = energy deriv^cd inlet temperature 
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Figure 4-51. Long Radial Nozzle Exit Radial Profiles. 




Therefore, mixing efficiency can be obtained from measured thrust 
data, or m«. asured exit temperature. Mixing efficiencies calcu- 
lated by both methods have been shown versus Frost's interface 
function ii. Section 3.3.3. 

Frost's interface function was defined utilizing a configura- 
tion with 1 o centerbody. The correlating diameter in the inter- 
face function, therefore, was the mixing duct inlet diameter. 
However, in this test a centerbody was used and several appropri- 
ate diameter definitions were possible, such as the equivalent 
area diameter, the hydraulic diameter, and the mixing-duct 
shroud dian.eter. The mixing efficiencies were plotted versus 
interface functions with eac.'i of the above diameter definitions 
and the result was that the data best correlated when plotted 
versus tlie hydraulic diameter as shown in Figure 4 - 52 . Mixing 
efficiencies derived from measured exit temperatures agreed well 
with Frost's mixing curve for the configurations I, II, V, VI 
while mixing efficiencies derived from measured thrust were 
slightly bi low the curve but showed the same trends. Based on a 
thrust measurement accuracy of +0.25 percent each, for the hot and 
cold lata joints, the error on thrust-derived mixing-efficiency 
is +15 percent at the cruise design point and +24 percent at the 
SLS take-off condition. Based on a rating station temperature 
measurement error of +2 degrees and an exit plane temperature mea- 
surement and integratron error of +5 degrees, the measured temper- 
ature derived mixing efficiency error would be about +10 percent 
lit both SLS and the cruise design point. The majority of the data 
scatter falls within these limits. 

The effect of temperature ratio between the hot and cold 
flow streams on the mixing efficiency was investigated during the 
testing. Configuration II was run at a selected pressure-ratio 
condition f ir a set of throe different temperature ratios, i.e., 
2.5, 2.0, and 1.5. Mixing efficiency remained relatively constant 
as temperature ratio varied (shown in Table 4-12) . The low thrust- 
derived mixing efficiency at the 1.5 temperature ratio can be 
explained b/ the measurement error band. The CpT measurement 
error of +0.0035 is essentially equal to the calculated ideal gain 
of ACpT idkmj “ 0.0041; therefore, the derived mixing efficiency 
for that point was ignored. Results are based on only three 
data points; thus, additional testing is recommended to verify 
that mixing efficiency and total temperature ratio are independent. 











TABLE 4-12. TEMPERATURE RATIO EFFECT ON MIXING EFFICIENCY. 


SHORT PARALLEL MIXER COMPOUND (CONFIGURATION II) 

^T5.2/^« =2.6 


T14/ 


= 2.0 


n< rp 

T5. 2/ T14 

’^MIX(%) 

'^MIX(%) 

(Measured Thrust) 

(Measured Exit Temp.) 



2 . 5 

72 

86 

2.0 

81 

73 

1.5 

17 

87 


4 , 6 Thrust Coefficient Comparison 

Tested cold-and hot~flow thrust coefficients for configura- 
tions (I through VI) at the sea-level-static take-off and cruise- 
design points are presented in Table 4-13. The hot-flow thrust- 
coefficient predictions based on predicted losses and 0.76-percent 
mixing were met by each of the mixer-compound exhaust systems at 
both flight conditions. At the sca-level-static point, Configura- 
tioji II had the maximum performance with a - 0.9932. Configur- 
ation II 's poorer cold flow performance (indicative of higher 
pressi.rc losses) was offset by the maximum gain cold to hot, 
indicative of producing the best thermal mixing. At the cruise 
design point, the radial mixer (Configuration IV) produced the 
best hot performance, Cp = 1.0075. However, among Configura- 
tions II, V, and VI, the short parallel mixer in eacn case was 
within 0.25 percent of the radial performance. The thrust- 
coefficient data indicated Configuration II would provide the 
best overall performance compromise for both sea-level static and 
cruise operation. 

The compound-flow-analysis (CFA) program was used to match 
tested cold dual- flow- thrust coefficients at design and off-design 
points utilizing both the procedure discussed in Section 4.2.3 
ai»d the pressure loss results to be presented later. The CFA 
program matched the cold- thrust-coefficient data within 0.1 
percent at design and off-design points for each of the mixer 
configurations as shown in Table 4-14. 

The mixing efficiency war varied (while maintaining the loss 
models derived from cold data) in order to matcli the hot flow 
performance matrices of Configurations I and II. Both configura- 
tions, I and II, were matched to their performance test data 
within 0.5 percent wit)’, a single mixing efficiency value, except 
for two low pressure-ratio points where measurement error becomes 
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TABLE 4-13. THRUST COEFFICIENT COMPARISON. 


Flight F 

Condition Configuration (Cold) 


(Hot-Cold) 



Predicted 

0.9673 

0.9782 

0.0109 ^ 


I 

0.9845 

0.9897 

0.0052 

SLS 

II 

0.9815 

0.9932 

0.0117 

PR 5 2 - 1.4 

III 

0.9836 

0.9902 

0.0066 

'■■>14.0 “ 

IV 

0.9829 

0.9918 

0.0089 


V 

0.9834 

0.9902 

0.0068 


VI 

0.9831 

0.9908 

0.0077 


Predicted 

0.9829 

1.0005 

0.0176 

CROP 

I 

0.9919 

0.9940 

0.0021 

PR- „ = 2.4 

D • 6 

II 

0.9896 

1.0050 

0.0154 

11 

IsJ 

• 

III 

0.9906 

1.0032 ! 

0.0126 


IV 

0.9908 

1.0075 

0.0167 


V 

0.9906 

1.0068 

0.0162 


VI 

1 

0.9906 

1.0066 

0.0160 














TADLI 4-14 . DUAL-COLD-FLOW THRUST-COEFFICIENT-MATCHING 
WITH COMPOUND-FLOW ANALYSIS. 


Config aration 


CRDP 

SLS M ■ 0.8 Alt»12,192m 

298“K (77®F) Day (40K ft 


^FT Match ^FT Test ^FT Match I ^FT Test 


I 

0.9846 

0.9845 

0.9908 

0.9919 

II 

0.9815 

0.9015 

0.9893 

0.9896 

• III 

0.9836 

0.9836 

0.9902 

0.9906 

IV 

0.9833 

0.9829 

0.9902 

0.9908 












qulto larc^e (see Table 4 *15) . The standard-compound system was 
matched tc the sixteen-point performance matrix with a mixing 
efficiency of 20 percent. A mixing efficiency of 65 percent 
was requii:ed to best match the Configuration II performance matrix. 
Thrust measurements used for performance evaluation were obtained 
with the Eurvey rake removed. Thrust measurements were also 
taken with the survey rake in place during each exit survey run. 

An overall average increase in thrust coefficient of 0.4 percent 
was (observed with the survey rake placed at the exit of the 
nozzle. Due to the apparent influence of the exit survey rake, 
this data was not used in establishing the absolute performance 
levels. However, it was used to substantiate tested performance 
differences. 

The effect of temperature ratio on the thrust level was 
investigated during the testing. Configuration II w'as run at a 
single pressure-ratio setting and thrust was measured at tempera- 
ture ratios of 2.5, 2.0, and 1.5. Absolute measured thrust levels 
decreased v/ith decreasing temperature ratio as shown in Figure 
4-53. Exit surveys were taken during these runs; therefore, the 
measured thrust levels included the effect of the survey rake. 

The increment of thrust gain (hot to cold) with the survey rake 
effect removed indis .jtes that the thrust gain is reduced by one- 
half in going from a temperature ratio of 2.5 to 1.9. 

Comparing measured to ideal thrust gain versus temperature 
ratio produces the result that mixing efficiency remains constant 
(see Figure 4-53, Hmix values) . Mixing efficiencies derived 
from measured exit temperatures indicate the same trend. 

4.7 Total Pressure Loss 

4.7.1 Cold Flow Derived Pressure Losses 

Initially, the core-only thrust data was used to obtain the 
core-pressure losses. Pressure losses derived in this manner 
for (*onf iguration I (standard compound) correlated linearly with 
corr<‘cted flow squared as would be expected. Some deviation from 
a linear relationship occurred at the two higher flow points 
where the Mach number at the rating station was greater than 0.7, 
and the rig adapter was close to choking (see Figure 4-54). Since 
two of the three core-only pressure-ratios for the mixer con- 
figurations choked locally through ttie mixer lobes, the unchoked 
press. ure-rutio point was the only point reduced to obtain a 
pressure-loss value. For these mixer runs, the rating station 
Mach number was about 0.5, but the Mach number somewhere through 
the lobes \;as much higher. For one of the mixer-core choked 
runs, the rating-station Mach number was about 0.6. Based on 
tnesc single core-only pressure-ratio runs, the mixer-core losses 
were approximately 3.5 percent at the cruise-design-point 
corrected flow. However, when this value of core loss is used 
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TABI.E 4-15 


DUAL-HOT-FLOW THRUST-COEFFICIENT-MATCHING 
WITH COMPOUND- FLOW ANALYSIS 


STANDARD COMPOUND (CONFIGURATION I) 




^T14 


^F Test 

Cp/CFA 

0.9832 

0.9811 

0.9897 

0.9893 

0.9904 

0.9920 

0.9916 

0.9959 

0.9940 

0.9968 

0.9843 

0.9692 

0.9855 

0.9542 

0.9850 

0.9848 

0.9837 

0.9782 

0.9924 

0.9872 

0.9864 

0.9858 

0.9946 

0.9921 

0.9925 

0.9930 

0.9954 

— 

0.9939 

0.9939 

0.9943 

0.9953 


CFA-Test 


Test 


• 0.0021 

•0.0004 

0.0016 

0.0043 

0.0028 

•0,0153 

•0.0318 

• 0.0002 

•0.0056 

•0.0052 

•0.0006 

•0.0025 

0.0005 

0.0000 

0.0010 

















TABLI 4-15. DUAL-HOT-FLOW THRUST-COEFFICIiSNT-MATCHING 
WITH COMPOUND-FLOW ANAL'iSIS. (CONTD) 


(HORT PARALLEL MIXER COMPOUND (CONFIGURATION II) 


Cp/CFA 

- 65 %) 


CFA-Test 



0.0025 

0.0029 

0.0016 

0.0005 

- 0.0040 


- 0.0012 











□ p 








PRESSURE LOSS ~ APj/Pt)5^_6.0 



CORE CORRECTED FLOW SQUARED (W^T/ 5)2 (kg/s)2 

0.2 

I 1 r 1 1 1 

0 10 20 30 40 50 

CORE CORRECTED FLOW SQUARED / 6 )2 (LB/SEC)2 

d.2 

Figure 4-54. Total-Pressure Loss, Core Only Flow. 
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for the miX'3r configurations# the predicted dual cold-flow thrust- 
coefficient results were much lower than tested. Since the 
mixer-core-only runs were operated at a very high Mach number 
locally through the lobes# the mixer-core-only pressure loss is 
quest- onablii when ratioed down to a lower corrected flow. There- 
fore# the m xer-core-only losses were derived from the dual 
cold-flow tiirust coefficients as described earlier in Section 
4.2.3. Golh-thrus t-coef f ici ent matching results were presented 
earlier in Section 4.6. Total-pressure losses based on matching 
cold-ciual-f low- thrust coefficients are shown in Table 4-16. 


TAliLE 4-16. CRUISE DESIGN POINT PRESSURE LOSSES. 


Configuration 


A P/P, 

r 

Core 

Bypass 

Mixing Duct 

I 

0.0090 

0.0048 

0.0023 

II 

0.0225 

0.0048 

0.0023 

III 

0.0135 

0.0048 

0.0023 

IV 

0.0135 

0.0048 

0.0023 


4.7.2 Tested Versus Predicted Losses 


lasted and predicted losses for the core nozzles are ratioed 
to a predicted convergent-nozzle loss and compared to a semi- 
empirical loss correlation previously discussed in Section 3.3.1 
(sec Figure 4-55) . The convergent nozzle has an exit equivalent 
hydraulic diameter of 1.0 (therefore# no centerbody) # and# in the 
case of a diffusing core# it includes the diffusion loss based on 
an area ratio of a conical diffuser. Tested Configurations I# III# 
and IV fall very close to the semi-empirical curve while Config- 
uration II has a somewhat higher loss. Tested losses are lower 
tlian the predicted values for all the mixer configurations; how- 
ever# the 3-D viscous analysis predicted the same loss ranking as 
tlie test results. 

Tested versus predicted losses for the final mixer configura- 
tion are presented in Table 4-17 for the cruise-design-point and 
sea- level -St a tic- takeoff point. 

4 . 8 C ompone nt Performance Maps 

4.8.1 Tost Maps 

Tne sixteen-point data matrix tested for Configuration II 
was used to generate performance characteristic maps required for 
evaluating engine-cycle match. The initial predicted-flow and 


194 



STANDARD COMPOUND (CONFIGURATION I) 
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ABLE 4-17. QCGAT MODEL TOTAL- PRESSURE LOSS BREAKDOWN 




















thrust-coefficient maps were used as a base reference from which 
tested flow and thrust deviation values were calculated. Correct- 
ed flow deviations were generated and lines of constant bypass- 
pressure ratio were plotted as a function of core-pressure ratio 
(see Figures 4-56 and 4-57 for the core and bypass, respectively). 
The flow-deviation lines were then crossplotted and interpolated 
to generate a uniform map. The thrust coefficient deviation 
values generated in the same manner as above relative to the 
predicted map along with calculated thrust-coefficient-deviation 
values from the compound-flow- ana lysis program updated with the 
loss and mixing models discussed in earlier sections, are shown in 
Figure 4-58. 

The deviation values derived from test data are a constant 
1.25 percent higher than the predicted levels except in tlie low- 
pressure-ratio range where the deviation is greater than 1.25 
percent . Thrust coefficients calculated with the compound- flow- 
analysis program produced a constant 1.25 percent deviation level 
over the full range of pressure ratios tested. Because of the 
increased thrust-measurement error at lower pressure ratios, a 
thrust scalar of 1.25 percent was applied to the full predicted 
map. This allows for measured thrust error margin at the low- 
pressure-ratio range and provides a thrust map that is conserva- 
tive in this range. 

Corrected flow maps are presented in Figures 4-59 and 4-60 
along with the actual test data points. Limit lines due to static 
pressure and splitter-area choking are included. The static- 
pressure-limit line corresponds to no flow for one-dimensional- 
inviscid analysis. Also, the approximate location where the rig- 
core-sonic nozzle unchokes is shown to indicate the pressure ratio 
boundaries of the test. The thrust-coefficient map is presented 
in Figure 4-61. As discussed above, the map is lov/er than the 
test data at the low-pressure-ratio end, but agrees well everywhere 
else. 

4.8.2 Tested Versus Predicted Maps 

The predicted core- and bypass-corrected- flow characteristics 
matched the tested characteristics exceptionally well (see Figure 
4-62) . Throughout the performance matrix, the measured core flow 
was lower than predicted and the bypass measured flow was higher 
than predicted. At both the cruise design point and the off- 
design sea- level-static takeoff point the predicted corrected- 
flow levels were within 5 percent of measured levels as shown in 
Table 4-18. 

Tested thrust coefficient-levels were higher than predicted 
due to lower-than-predicted pressure losses (see Figure 4-63) . 

The characteristic shapes of the predicted thrust-coefficient 
curves matched very close to the tested characteristics as indi- 
cated earlier by the constant- thrust scalar required to match 
the ]Drodicted levels to the test data. 
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Figure 4“56. Tes ': Versus IPredicted Core Xorrect 
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TABLE 4-18. PERCENT DIFFERENCES OF MEASURED TO PREDICTED 
CORRECTED FLOW LEVELS. 


Flight 

Condit.ion 


Core 

Bypass 


Sea-Level-Static 
Ta)ceof f 

+ 1.5% 

-4.1% 

Cruise Design 
-Eaint . 

+ 3.6% 

-2.6% 


Overajl, the predicted compound- flow-analysis results had the 
following characteristics; 

(a) matched tested flow map characteristic shapes^ 

(b) predicted the inlet-plane flow match within 
5 percent at cruise and sea level# 

(c) r.atched tested thrust-coefficient characteristics. 

The predicted flow maps were scaled using the inspected test 
areas and tested flow coefficients. Agreement with the tested 
core-corrected flows is excellent (see Figure 4-64). Scaled 
bypass corrected flow matches the test data well for total pres- 
sure split (P-rs 2'^^^T14 deviates as the pressure split 

becomes >1.0 as* is also shown in Figure 4-64. The bypass-flow 
error may Le due to differences between the predicted loss model 
aiid tlie actual test losses or the exit-flow coefficient definition 
which is based on equal-pressure-ratio (P.p Rvpass ” 1*0) 

data points. y/. 

The effect of pressure loss differences betv;een predicted and 
tested data was removed by running the performance map data points 
throu<jh the compound-flow-analysis program with the tested areas# 
flow coefficients# and pressure loss model as discussed in 
previous sections. Updating the predicted pressure-loss model 
did not produce the required match with test data as shown in 
FigurciS 4-6 5 and 4-66. However# the pressure loss update did 
result in good agreement with the tested thrust coefficients (see 
Figure 4-67.) These results indicate an exit flow coefficient map 
with lines >f constant bypass pressure ratio may be required ii the 
prediction analysis to improve off-design matching# but design- 
point flow "latching and performance level capability produce good 
agreement with test results. 
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SECTION V 


FULL-SCALE AREA SIZING 


5.0 QCGAT CYCLE OPTIMIZATION WITH SHORT PARALLEL MIXER-COMPOUND 

EXHAUST SYSTEM 

Sine i the tested flow maps presented earlier in Section 4.8.1 
varied from the predicted maps, an area scaling analysis was 
required in order to match the exhaust system to the engine cycle 
at the dual-nozzle design point. The scaling procedure consisted 
of varying the core, bypass, and exit areas by +5 percent which 
produces oore- and bypass-flow deviations from ^e desired engine 
cycle match point. Typical core- and bypass-flow-deviation lines 
for a given bypass-area scalar are presented in Figures 5-1 and 5-2. 
From these curves, intersection points of zero-flow deviation are 
determined which define zero-flow deviation lines for constant 
bypass-area scalars as a function of core- and exit-area scalars. 
(See Figure 5-3.) Intersection of the bypass- and core zero-flow 
deviation lines defines the exit-area scalar and a locus set of 
core- and bypass-area scalars that will match the desired engine 
cycle point (see Figure 5-3). The selected full-scale core-area 
scalar wa^} chosen to match the test-model nominal core area, thus 
the full-scale mixer geometry could be scaled directly from the 
mixer-modi ^1 scale coordinates and the full-scale core-stream 
aerodynamLC contours would be identical to those tested. Selec- 
tion of tlie core-area scalar defines the bypass-area scalar as 
shown in .’igure 5-3. 

The area scalars determined in the above manner were applied 
to the tested maps which were then run through the engine-cycle 
analysis ))rogram. Results of the engine cycle analysis on the 
dual-nozz e cruise-design point are shown in Table 5-1. Fan 
speed (N]_ , high-pressure compressor speed (N 2 ) and the turbine 
inlet temj>erature (T«p 4 ^l) matched the dual-nozzle design point 
as indicated by the comparison of column c with column a. 

Matching the mixer compound system (column c) results j.n a 5.4- 
percent increase in thrust over the reference-coannular nozzles 
(column a) , and a 3.8-percent increase over the mixer-compound 
Preliminary Design Review predicted levels (Column b) . Also, 
an improvtjment in TSFC of 5.4 percent over the reference 
coannular nozzles and 3.2 percent over the predicted levels was 
obtained. These improvements in thrust and TSFC are the result 
of optimii'.ing to the cruise-design point. 

At this optimized cruise-design-point match condition, the 
sea Level static performance was evaluated with the seune turbine 
inlet temj erature (T*r 4 ^l) as the reference coannular nozzle (see 
Column f. Table 5-1) and also with the same T^ 4 ^j^ as the predicted 
mixer compound nozzle (see Column g) . The different turbine inlet 
tempera tui es (T<p 4 ^q^) resulted from the predicted mixer compound 


EXIT AREA SCALAR ~ PERCENT 


Figure 5- 


. Core Flow Dev'iotion Versus Area Scaling 
















e 9 >jc 

O -H U 
•H tt V 

VC r* 
r*> 

• • 

• 

Ov Ov 




pd p^ 

Ia 

0» 00 


<3 

pid 

O 

7 

• 

00 

• 00 

• • 

o o 

♦ 

V <N 

IN 

VC 

00 

V 00 

dNi 9 


00 a 


O « 

• 


VC 

Pd 

M m 

3 0^ 

• ^ 


• • 

e 

9 v 

00 

O 00 

m 00 

rj>u G 

r* 


o e 

1 


pd 

rN 

p^ 

•04 ^ 

^ < 0 
G CU 







•IP 



c cr«r 
0 -H u 

•pd (0 

€h Pd 
«N 00 
• • 

• 

Ov 

e 


IN 


pd pm. 

In 

fN > 


e o 

IN 

IN 

pd 

«» 

• 


• lf» 

• 


1 

dO 

IN 

IN 

r* 

o 

00 m 

VC r* 

u 

O 00 


O 

V 

• 

rvi 


9 V VC 

Pd ro 

3 0 *^ 

• p't 


0 

• 

O 

0 V 

00 

CV 00 

m CD 

cr Vd c 



o 

e 

1 

pd 

Pd 

IN IN 

^ p«d 

>p| ft) >pd 

VM < 0 
C A. 







w 




C u 0) 
0) 3 0> -H 
Q X N 
N 

0 ax 0 
0 0 z 

(Q U 

z 


Ot ^ »o 

• •rM ^ 0 \P— 0\*-^ 0\00 

fNiN. *^0D<* •^^ • ^ •• 

^ o> ^ ^ (N r» ^ r- cMf^ f^cc 

m 00 I o<r* ^ m .H r- in its 

f ro «— • • 1^ 'T\ 00 OOD mCB 

OOt miN <H»«I 


c u 

O <0 CO 
C w 0) 
0 3 ^ 
M C N 
O C K 
*w 10 0 
0) 0 Z 

a u 


^ ^ IN ^ IN f^ 

• *H • "T • • 

^ m IN r^ VC r>* 

r- o ^ r -4 m 

0> 00 O 00 rO CD 

^ ft m CM rH 0-4 


t7> in C 
•H C) 

^ < 0 
C Ck 

8 


VC m 
vc m + 
^ •— 


ro m ^ 
m 00 dip 
r* ^ 

o • 

• • iT) 

C O I 


00 ^ in m 

• lO • • 

1 ^ m VC o 

^ -4 VO Cd 

(^ 00 IN OCr 

IN IN ^ 




04 

-0 


(0 

00 

a\ 

dP 


m 


m 

pm> 

OV P-m 

in m 

ft) 



c 


a 


m 

VC 

in 

n 

dip 

• 

Pd 

• m 

• • 

to 


ft) 

3 

ft) 

Pd 

■ 

• 

• 


dr 

CM 

o 

m 

CD VC 

VC o 

•d 


rd 

0 

X 

N 

CD 

m 

pd 

o 

r» 

• 

IN 

IN 

^ Pd 

VC IN 

3 

£1 

•H 

& 

■H 

N 

i-H 

o 


• 

• 

IN 

pd 

o 

0\ 00 

IN 00 

U 


ft) 

W 

£ 

0 

O 

<n 

tap 

c: 

o 

1 

IN 

IN 

IN IN 

•-♦ Pd 

U 


u 

0 


z 






pp 


w 




ft) 

u 







y 

ft! 

to 00 in 

in ov 

IN 

<Mk 

VC pp. 

m rd 

c 

pd 

ft) m IN 

OV 

f 

Pd 

. IN 

• • 

ft) 

3 

Pd • • 

r- m 

00 

m 

00 VC 

VC O 

Id 

C 

N m ov 

O 

pd 

IN 

dT Pd 

VC IN 

ft) 

C 

N m 00 

0 0 

Pd 

o 

OV 00 

IN 00 

dd 

ID 

0 ffv 00 

o o 

IN 

IN 

IN M 

Pd 

ft) 

0 

Z m 

w 




W’ 

Oft 

U 







Vd 





'i 

a 


w 





a. 

a 


d-) 



^ 1 ^ 



wi 


% 



u 





iS 







0 

10 


£i 

to x: 


CD 

U) 

H 

Vd 


Pd 

Fd^\ 


\ 


• < 1 ^ 

ft! 


w 



n 

*0 

'If &* 

GU 


z 

x: ,-d 

rdlO 

IN ID 

fd» 



k z 


z 

Wl 

Z u 

cl ^ 



nozzlf's (Column e) requiring a higher Tt4,1 than the reference 
nozzle- (Column d) in order to meet sea level static thrust. At 
the reference nozzle Tij.^ the design-point match is 2.7 percent 
low oi. sea-level thrust (see Column f ) . At the higher Tt4,i» the 
desigii-point match is 1.6 percent in excess of the sea-level thrust. 
However, the desire was to decrease the turbine-inlet temperature 
at sect level static to the level of the reference nozzles and 
still meet reference-nozzle thrust. This could be accomplished in 
two ways. Since there is an excess level of thrust at the cruise 
design point, the cycle areas could be rental ched to trade excess 
cruise thrust for additional sea level static thrust. The other 
alternative was co increase the sea level static exit area with 
a convergent-divergent nozzle, therefore maintaining the cruise- 
desigr.-point match. However, in this instance, the use of a 
convei gent-divergent nozzle would have required additional testing 
to obtain the performance map characteristics. Since time pre- 
vented this option, the area-trade study was performed by the 
engine -cycle-analysis group. The exit area was increased 2.9 per- 
cent over the cruise-design-point match in order to decrease the 
cruise net thrust to the 409.6 ky (903 lb) predicted level as shown 
in Fic ure 5-4 at an altitude condition of 12,192 m (40,000 ft). 

The core-area scalar was maintained at 1.0 for the reasons dis- 
cussee; earlier. The bypass-area scalar was allowed to vary, but, 
as shown in Figure 5-5 (sea-level conditions), decreasing the 
bypass area does not produce a significant increase in thrust. 

Also, in order to maintain sufficient fan-surge margin, the bypass 
scalar was chosen as 1.0, A summary of the areas from the model 
test to the final sizing are shown in Table 5-2, Percent changes 
are relative to tested areas, 

TABLE 5-2. MODEL TEST AREA SIZING. 



Model Test 
Areas 

Match to Dual 
Nozzle 

Critical 
Design Point 

% 

Change 

Final 

Sized Areas 

% 

Change 

Core 

1338.90 cm^ 

1354.84 cm^ 

1.2 

1354.84 cm^ 

1.2 


(207.53 in.^) 

(210.0 in.^) 


(210.0 in.^) 


Bypass 

309 3.74 cm^ 

2948.70 cm^) 

-4.75 

2948.70 cm^ 

-4.75 


(47‘).84 in.^) 

(457.05 in.^) 


(457.05 in.^) 


Exit 

261 ), 35 cm^ 

2586.64 cm^ 

-1.25 

2661.87 cm^ 

1.6 


(40 ;. 0 in.^) 

(400.93 in.^) 


(412.59 in.^) j 
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BYPASS AREA SCALAR 


Figure 5-5. QCGAT Mixer Compound Area Sizing 
Cycle Optimization at Sea Level. 











Table! 5-3 presents the results from the engine-cycle analysis 
with the j-inal-sized areas. Cruise net thrust (Column III) 
matenes tJie Preliminary Design Review level (Column II) which is 
still a 1.6-percent increase over the reference coannular nozzles. 
A 1.0-percent improvement in TSFC is obtained relative to the 
Preliminary Design Review level and 3.2-percent relative to the 
coannular system. At sea level, the turbine inlet temperature 
(Tt 4.1) Wcis reduced to the coannular nozzle level, while thrust 
was increeised to the reference nozzle level (see Columns IV and 
VI), resulting in a 1.0-percent improvement in TSFC relative to 
the reference coannular nozzle system. 

The mixer-compound-exhaust-sy stem-design geometry finally 
sele::ted is presented in Table 5-4. Selection of the short 
parallel-nixer from the model test results shortened the mixer 
lobe length by 10.16 cm (4.0 in.) relative to the Nacelle PDR, 
thereby reducing the exhaust system overall length by 10.16 cm 
(4.0 in. ) . 
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SECTION VI 


SUMIIARY OF RESULTS 


6.0 SUM14ARY OF RESULTS 

o The short parallel mixer compound exhaust system 

(Configuration II) provides the best overall exhaust 
system performance for the QCGAT Engine, The cruise 
perfomance exceeds the design goal by 0.45 points 
(ACp.p = 0.004 5) and the sea level static performance 
is tile best of all the tested systems exceeding the 
design goal by 1.5 points (ACpT = 0.0150). 

o The acoustic data shows conclusively that the short 

parallel mixer compound exhaust system (Configuration 
II) provided the lowest relative noise levels of the 
six nozzle configurations tested. This results in a 
maximum tone corrected perceived noise level reduc- 
tion of 4.1 PNdBt and a predicted flyover jet noise 
reduction of 5.1 EPNdB. The jet-noise reduction was 
found to be proportional to the achieved mixing 
efficiency. 

o Selection of the short parallel mixer compound exhaust 
system (Configuration II) for the QCGAT Engine yields 
a potential cruise-thrust increase of 5.4 percent and 
cruise TSFC reduction of 5.4 percent. However, the 
final exhaust system engine cycle area optimization 
resulted in a TSFC reduction 3.2 percent at cruise 
and a 1.0 percent at sea-level. The cruise thrust was 
increased by 1.6 percent while the takeoff temperature 
was reduced by 11.7°C (21.1°F) at nominally the same 
taJceoff thrust as the reference nozzles. 

o The 3-D-viscous compressible flow analysis predicted 
the same total-pressure loss ranking of the mixer 
nozzles as derived from the test data. The turbulent 
mixing model analysis overpredicted the amount of 
thermal mixing. 
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SECTION VII 


RECOMMENDATIONS 


RECOMMENDATIONS 

o It is recommended that the short parallel mixer 

compound exhaust system (Configuration II) be used 
for the QCGAT nacelle. The recommended exhaust 
system areas are: 

Coro Area = 1354.84 cn\2 (210.00 in2) 

Bypass Area = 2948.70 cm2 (457.05 in2) 

Exit Area = 2661.87 cm2 (412.59 in2) 

o It is reconunended that additional testing be conducted 
in which the mixing plane and constant-area mixing- 
duct-exit plane be surveyed for both mean flow and 
turbulence structure. This data would determine flow 
characteris tics at each of these stations and would 
provide comparative data for improvement of the 
analytical design and optimi 2 ation tools. 
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AND 
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APPENDIX A 


SURVEY RAKE DATA REDUCTION 
STATIC PRESSURE INTERPOLATION 

PSWAV = Average of Nozzle Exit-Wall Statics 'v 
(#161 + #162)/2.0 

PS(1) = Rake Centerline Static 

PS(N) = PS(1) + (PSWAV - PS(D) 

where N = 1, 11 
TOTAL PRESSURE INTERPOLATION 

PT(21) = (PT(2N+1) + PT(2N-i) )/2,0 
where N = 1 , 5 

This interpolates between the measured total pressures. 


TOTAL TEMPERATURE CORRECTION 


■'’^5.2 

= T 

T5.2 

-'"'14 

= T 

T14 



2 


T 


T14 


where: T,',j- ^ and are the values at the 1st rake setting 

to T-r- » and T„, . are the values at the current rake 
T5.2 T14 

setting. 


2 ” *^"^T14 \ 

T'P '^TPROBE ”\ T^5 2 ” '^T14 ' ” '^T14^ 


AT 


14 
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FORflATTED VARIABLES TO BE 
PUNCHED ON PAPER TAPE 


♦REQUIRED ONCE FOR EACH SURVEY RUN 

WRITj3 (100) NS, NX, NY, ICNT, ABL, ITITL, QAM, DEGRAN, 
APRiriE, PSTG, RGAS, TMIX, TREP 

100 ]'ORMAT (313, 14, F5.1, 12, F6.3, F7.2, F8.1, F7.3, 
F8.0, 2F8.2) 


Whero : 


NS = 1 

NX » 12 'v (No. Thetas +1) 
NY = 13 'V (No. Radii +1) 
iCNT = 132 (NX-1) (NY-1) 

ABL = 12.0 ^ (No. of Lobes) 
GAM = y5.2 


DEGRAN = 


MV ^ 


IzL 


5.2 ^ '^^-T^Ii4.0 


(Mj- T + ^ „) (M^^l 5^2 


5.2 


14.0' 


14.0' 


APRIME = A 94348 J T' 


y5.2 + 1' T5.2 

PSTG = (M5^2 ^T5.2 ’'^4.0 ^T14 . 0 ^ ^ . 2 


*^14.0^ 

RGAS = 247174.0 in.^/soc^ °R 


myrt^ 


MyRT^ 


T„IX = . \v-l 14.0 

MyR [ . MyR i 
Y-1'5.2 y-1'14.0 


TREF = T'5^2 


NOTE: Prime values correspond to 1st rake setting. 
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Units are as follows: 


TEMP *R VELOCITY IN /SEC 

PRESS -V #F/IN^ 

LENGTHS -V IN. 

* REQUIRED X NUMBER OF TIMES PER SURVEY RUN WHERE X » ICNT 

DO 200 (J = 2, NY) ^ (RADII IN INCREASING ORDER) 

DO 200 (I =» 2, NX) (THETA'S IN INCREASING ORDER WHERE 

INITIAL THETA IS SET TO 0.0) 

WRIT!^ (200) L, 1, J, RAD, THETA, Z, Y, X, CRMN, VELRAT, PS, 
PTRAT, TTRAT 


200 FORMAT (313, 7F6.3, F7.3, 2F7.4) 

See Page 7 of this Attachment for sample) 


Whei e : 


L = 1 
1=2, NX 
J = 2, NY 

RAD = PROBE RADIUS 'v IN. 

THETA = RAKE ANGLE 'v- RADIANS 
Z = SURVEY PLANE STATION 

(See Page 6 of this Attachment) 
Y = RAD cos 9 
X = RAD sin 0 
CRMN = V/V* 
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Where : 


V 






Tr-TTTy 




and Y = f (TEMP) 


VELRAT = V/V* 2 


where: V* = /2 (R ) ^ T* 

f).2 ' GAS^ yS.i + 1 T5.2 


PS = Probe Static pressure as defined on Page 1 
of this attachment. 


PTJJ\T = P^/P'5_2 

where P^ is determined from measurement and 
interpolation as defined on Page 1 of this 
attachment. 


TTRAT = T^/T^5^2 

where is measured temperature from 
thermocouples TTl through TTll. 
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Critical Velocity (nv's (IN./SEC ) ] 

Area 

Exit Area [cm^ (IN,^ ) ] 

Inlet Area [om^(IN.^)l 

2 2 

Full Scale Area (cm (IN. )] 

Lobe Aspect Ratio 

Effective Area (Cj^A) (cm^(IN.^)] 

Aircraft Gross Weight (kg (LBS)] 

Altitude (m(FT)] 

Compound Chrking Criteria 
Flow Coefficient 
Exit Flow Coefficient 

Splitter or Mixing Plane Flow Coefficient 

Thrust Coefficient 

Compound Flow Analysis 

Total Thrust Coefficient 

Centerline 

Contact Perimeter (cm(IN.)] 

Pressure Coefficient 

Vacuum Thrust Coefficient 

Cruise Design Point 

Log L' ,t of Pressure 

Mixing Duct Diameter (cm (IN.)] 







D 


H 

•"he 

DDR 

EPNdB 

EPNL 

F 

^ID 

f 

f/a 

i 

f( ) 
h 

HZ 

K 

L 
M 
m 
N 
N, 


R 


N2 

NH 

P 

PDR 

PEN 
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D- 1 Intrc )duction 

Six .eparate configurations of the QCGAT 0.35 scale-model 
nozzle were tested at the Fluidyne Engineering Corporation's 
Medicine J.ake hot-flow test facility. The acoustic teats were 
conducted to provide information on the relative noise levels and 
directivities of the six nozzle configurations under consideration. 

The resultant information was used, along with the aerodynamic 
performance of each nozzle, in the selection of the final nozzle 
configuration for the QCGAT engine. 

The acoustic test procedure and test setup were previously 
defined in Section 4.1.3. In summary, six microphone locations 
were utilized. The microphones were located at azimuth angles of 
0.26, 0.34, 0.52, 0.69, 0.87 and 1,04 radians (15, 20, 30, 40, 50 
and 60 degrees) from the nozzle-exhaust centerline at a radius of 
2.44 meteis (eight feet) from the nozzle-exit plane. These micro- 
phone locations were denoted as microphone locations 1 through 6 
respectively. A schematic diagram of the acoustic test setup was 
previously presented as Figure 4-4 in Section 4.1.3. 

D-2 Summary of Nozzle Operating Conditions 

Acous^ tic testing was conducted at two different core- and 
bypass-prf ssure-ratio settings. These pressure-ratio settings 
simulated the sea level static takeoff and cruise-design-point i 

operating conditions. j 

A summary of the core- and bypass-pressure ratios and | 

temperature ratios measured at the nozzle rating station for the f 

sea level static takeoff and cruise operating conditions is I 

presented in Table D-1 for each nozzle configuration tested. I 

D- 3 Tabu] ated Noise Levels for Each Nozzle Configuration | 

One-third octave band sound pressure levels measured at each | 

microphone location are presented in Tables D-2 through D-7 for | 

nozzle Configurations I through VI respectively. Measured levels | 

for both the sea level static takeoff and cruise conditions are I 

presented for each nozzle configuration. I 

The ralative noise levels for each configuration were com- 
pared on a relative basis to determine the configuration producing i 

the lowest noise levels. I 

Previous flyover-noise estimates for the full scale QCGAT i 

engine indicated that the maximum tone-corrected perceived noise i 

level for the jet noise occurred at an angle of approximately 
1.08 radians (62 degrees) from the jet-exhaust axis. j 
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(8 ft) radius from nozzle exit 


TABLE D-7. MEASURED NOISE LEVELS - CONFIGURATION VI 
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As a result^ the measured noise levels for each nozzle con- 
figuratioi were initially compared in terms of the tone-corrected 
perceived noise level occurring at each microphone location, with 
major emphasis placed on the noise level comparison at microphone 
location c, 1.04 radians (60 degrees) from the exhaust centerline, 

A suiimary of t)\e measured tone-corrected perceived noise 
levels occurring at each microphone location for each nozzle con- 
figuration is presented in Table D-8 for the sea level static 
takeoff operating condition. 

The ]owest noise levels (tone-corrected perceived noise) for 
the six nozzle configurations is provided by Configuration II at 
all mioroj hone locations. 

In addition to providing the lowest measuired noise levels, 
configuration II also provided the highest measured thrust coeffi- 
cient and highest percent mixing at the sea level static takeoff 
condition for the six nozzle configurations tested (refer to 
Performance Summary, Table 1,1 of Section 1.4). 

D-4. One-Third Octave Spectra Comparisons 

The measured one-third octave band spectra levels for scale 
nozzle configurations I, II, III and IV are plotted for comparison 
in Figures D-1 through D-6 for the sea level static takeoff oper- 
ating condition. 

Nozzle configuration II generally provides the lowest noise 
levels across the entire frequency spectra for each microphone 
location £ Dr each of the configurations compared. 

The measured one-third octave band spectra levels for scale 
nozzle configurations I, II, V and VI are plotted for comparison 
in Figures D-7 through D-12 for the sea level static takeoff 
operating condition. 

Again, configuration II generally provides the lowest con- 
sistent noise levels across the entire frequency spectra for each 
of the configurations compared. 

Conclusion 

The rDsultant acoustic data shows conclusively that scale 
model nozzle configuration II provided the lowest relative noise 
levels of the six nozzle configurations tested. This fact, 
combined with the superior sea level static takeoff aerodynamic 
performance of configuration II, compared to the other nozzles, 
resulted in the selection of configuration II for the QCGAT engine. 


TABLE D-8. SUMMARY OF ACOUSTIC TEST RESULTS 


Six Nozzle Configurations 
at Sea Level Static Condition 



Tone Corrected Perceived Noise Level 
(PNdB^) 



Angle 

from Exhaust Cente! line 


Nozzle 

Configuration 

0.26 

rad. 

(15») 

0.34 

rad. 

(20*) 

0.52 

rad. 

(30*) 

0.69 

rad. 

(40*) 

0.87 

rad. 

(50*) 

1.04 

rad. 

(60*) 

I 

136.8 

135.6 

134.7 

134.0 

134.7 

131.9 

II 

132.1* 

130.7* 

130.8* 

131.4* 

132.7* 

130.9* 

III 

135.8 

134.2 

133.3 

133.2 

134.4 

133.7 

IV 

137.6 

132.2 

132.0 

132.4 

133.2 

133.2 

V 

134.2 

132.8 

1 -^2.5 

133.1 

134.1 

131.4 

VI 

134.5 

131.8 

132.4 

132.9 

134.7 

132.5 


♦Denotes minimum noise level at each angle 
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Figure D-2. Noise Spectra Comparison, Microphone Location 
Configurations I, II, III and IV. 
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SUMMARY 

This report presents the results of hot/cold flow model tests 
conducted to determine static performance of several candidate 
compound-f 1 jw exhaust nozzles for the QCGAT engine program. The 
model tests were conducted by FluiDyne Engineering Corporation 
for AiResearch under Purchase Order No. 1368357. The tests were 
performed in the Channel 11 static thrust stand at the FluiDyne 
Medicine Lake Aerodynamic Laboratory. 

The 35%-scale model simulated the fan and core nozzle passages, 
various mixer designs, and a mixed-flow exit duct. The interchange- 
able mixers included three 12-lobed mixers and one axisymmetric 
splitter ( f ree-mixer) . Each of the four mixers was tested with 
core-flow-only, and in a dual-flow configuration. One selected 
mixer was also tested with two variations In mixing duct length. 

Tests made with core-only and dual-flcv* configurations determined 
thrust performance, flow characteristics, and pressure distributions. 
In addition, acoustic characteristics and exit pressure and tempera- 
ture distributions were measured for the six dual-flow configurations. 

Test results include nozzle thrust coefficients, flow rates, 
nozzle discharge coefficients, effective throat areas, and pressure 
and temperature distributions. Acoustic measurements were recorded 
by AiResearch for separate analysis. 


FiUiDyNK eNOINEBRINO CORPORATION 


TABLE OF CONTENTS 

Page 

SUMMARY i 

TABLE OF CONTENTS ii 

LIST OF FIGURES m 

DEFINITION OF SYMBOLS iv 

1 . 0 ’^NTRODUCTION ^ 

2 j FACILITY DESCRIPTION 2 

3.0 MODEL DESCRIPTION 4 

3.1 Model Adapters 4 

3.2 Model Components 5 

4.0 DATA ANALYSIS PROCEDURES g 

4 . 1 Flow Rates g 

4.2 Discharge Coefficients and Effective 

Throat Areas 8 

4.3 Thrust Measurement 10 

4.4 Thrust Coefficient 12 

4.5 Pressure and Temperature Data 13 

4.6 Force Balance Calibration 14 

4.7 Supplementary Calculations 15 

4.8 Exit Survey Data 16 

4.9 Acoustic Data 16 

5.0 PRESENTATION OF RESULTS 17 


REFERENCES 

FIGURES 

DATA AND CALCULATIONS (under separate cover) 


Fa.UiDVNB eNOINEERINO CORPORATION 


LIST OF FIGURES 


Figure 


9 

10 

11a 

11b 

12 

13 

14 

15 

16 
17 


Description 

Channel 11 Facility Layout (6040-021) 
Model Assembly (SKP17171) 

Definition of Test Configurations 
Adapter Assembly (0946-002) 


5a 

Plug #1 

(SKP17160) 

5b 

’'lug #2 

(SKP17169) 

5c 

Core Cowl 

(SKP17161) 

5d 

Splitter 

(SKP17162) 

5e 

Mixer A 

(SKP17163) 

5f 

Mixer C 

(SKP17168) 

5g 

Mixer D 

(SKP17170) 

5h 

Fan Duct- 

Forward (SKP17164 

5i 

Fan Duct 

- Aft (SKP17165) 

5j 

Duct Exit 

#1 (SKP17166) 

5k 

Duct. Exit 

#2 (SKP17167) 

6a-d 

Model Photographs 

7 

Station Notation 

8 

Acoustic 

Test Setup 


Run Schedule and Major Test Results 
Core Passage Total Pressure Correlation 
Thrust Coefficients, Core-only 
Effective Throat Areas, Core-only 
Thrust Coefficients, Configurations I-VI 

Thrust Coefficients, Configuration I 

Thrust Coefficients, Configuration II 

Effective Throat Areas, Configurations I-VI 
Effective Throat Areas, Configuration I 
Effective Throat Areas, Configuration II 


iii 


fkUtDVNm BNOINEBRINO CORPORATION 


DEFINITION OP SYMBOLS 
2 

Cross-section area, in. 

Real-gas A/A* correction factor, dimensionless 
Axial balance readout, counts 
Discharge coefficient, dimensionless 
Static thrust coefficient, dimensionless 
Stream thrust, lb. 

Re^l gas stream thrust correction factor, dimensionless 
Net axial thrust, lbs. 

Axial balance force, lbs. ^^2 

Critical weight flow parameter, ®R /sec. 

Balance force calibration factor, Ibs/count 
Mach number, dimensionless 
Mass flow rate, slugs/second 

Pressure, static unless otherwise specified by subscript, psia 

Static pressure difference across seal, psi 

Dynamic pressure, psia 

Reynolds number, dimensionless 

Temperature, ^R 

Velocity, ft/sec 

Weight flow rate, Ib/sec 

Dead-weight calibration load, lbs 

Distance from wall 

Ratio of specific heats, dimensionless 

Boundary layer thickness 

Incremental quantity 

Pressure ratio, P^/P^z dimensionless 

r a 

Meridian angle measured clockwise looking upstream, degrees 

3 

Density, slugs/ft 
Summation 


iv 
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Subscripts : 


a 

e 

i 

t 

w 

X 

00 

1 » 2 » . . . 


Ambient 

Exit 

Ideal 

Total conditions 

Wall 

Axial 

Freestream 
See Figure 7 


Superscripts ; 

* Sonic condition 
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1 . 0 INTRODUCTION 

This experimental study was conducted to evaluate static per- 
formance characteristics, and obtain preliminary acoustic data, 
for several compound-flow exhaust nozzles for the NASA Quiet, 

Clean Genera} Aviation Turbofan engine. Model aerodynamic lines 
and test conditions were specified by AiResearch. The model 
(except for the lobed mixers) was designed and fabricated by 
FluiDyne Engineering Corporation. The te^.ts were conducted at 
the FluiDyne Medicine Lake Aerodynamic Laboratory in a two- 
temperature-flow static thrust stand. 

The basic test program was defined by AiResearch test plan. 

Report No. 21-2603-A, prepared by Walter L. Blackmore and Craig 
E. Thompson. Technical liaison for AiResearch was performed by 
Craig Thompson, who witnessed most of the tests. The acoustic 
measurements were made by AiResearch personnel (Walter M. Gipson, 

A1 G. Tolman and Robert Hagler) for analysis by AiResearch. 

This report describes the test facility, test model, data 
acquisition and analysis procedures, and presents the test results. 

Test conditions and major test results are tabulated in Figure 9 and 
are plotted in Figures 10 - 17. Detailed data and calculations are 
contained in a separate Data Appendix. 

I 


I 
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2.0 FACILITY DESCRIPTION 

The tests were performed in Channel 11 at FluiDyne's Medicine 
Lake Aerodynamics Laboratory. Channel 11 is a two-temperature flow 
static thrust stand used to determine performance of exhaust nozzles 
in which the two exhaust flows are at different temperatures. Nozzle 
thrust is determined from force measurement with strain gage force 
balances. The general arrangement of Channel 11 is shown in Figure 1. 
Photographs of test model installations are presented in Figure 6. 

The airflows for both the cold and hot passages of a test 
nozzle are obtained from the facility high-pressure dry air storage 
system. Air for the cold passage is throttled, metered through a 
long-radius ASME nozzle, ducted to the cold passage of the test 
nozzle, and finally exhausted to atmosphere. Air for the hot passage 
is throttled, passed through a regenerative storage heater, mixed 
with unheated bypass flow to achieve a desired temperature, metered 
through a long-radius ASME nozzle, ducted to the hot passage of the 
test nozzle, and finally exhausted to atmosphere. 

The air heater used for the hot flow contains alumina pebbles 
which are preheated to approximately 1250°F with a combustion heater. 
The heater capacity is nominally 40 lbs. /sec. at 1200°F. 

Tne model assembly is supported by a 3-component strain-gage 
force balance and is isolated from the facility piping by two elastic 
seals; see schematic in Figure 7. Calibration of the balance and 
seals is described in Section 4.6. 

The ASME meter at Station 1 is water-cooled to protect the 
elastic seal from thermal effects. Since the cooling water is 
confined to the upstream (i.e., non-metric) hardware only, no 
tare forces are introduced by the water supply lines. 
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Facility instrumentation ie provided to calculate mass flow rates 
at Stations 1 and 3, and to calculate the exit thrust produced by the 
test nozz.e; details are described in Section 4.0. The data were re- 
corded witn Polaroid cameras and digital printers. 
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3.0 MODEL DESCRIPTION 

The test model was designed by FluiDyne using aerodynamic 
lines and instrumentation locations specified by AiResearch. The 
model was fabricated by FluiDyne, except for the lobed mixers 
which were furnished by AiResearch. The model attached to existing 
model-to-facility adapters. Figure 2 shows the model assembly, 

Figure 3 defines the test configurations, and Figure 4 shows the 
adapteru. Photographs of model assemblies are shown in Figure 6. 

3 . 1 Model Adapters 

The test models attached to common adapting hardware which 
supplied separately-metered flows to the fan and core nozzles. The 
fan air flow was nominally at ambient t-emperature for all tests. The 
core air flow was nominally at ambient temperature for the "cold" 
tests, but was heated to approximately 700-900°F for the "hot" tests. 

The main support member for the adapters is the "spider," 

Item 4 in Figure 4. Adapters for the core passage consisted of an 
insulated duct, a choke plate, two screens, a centerbody which supported 
the interchangeable plugs, and a common core shroud adapter which 
supported the interchangeable core shrouds (mixers) . Charging station 
instrurentation in the core passage included four 5-tube area- 

P 

weighted total pressure ( t^) rakes, eight area-weighted total tempera- 
ture probes, one thermocouple for controlling the flow temperature, and 
static pressure taps on the inner and outer walls. 

The adapters for the annular fan passage included a choke plate, 
two screens, a bellmouth contraction and fan shroud adapter, and six 
instrumentation plugs. Charging static instrumentation in the fan 

P 

passage included four 12-tube area-weighted t,. rakes, two 4-probe 

fp -L ^ 

thermocouple rakes, one thermocouple for control purposes, and 
four static taps on the inner and outer walls. 


- 4 - 
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The single control thermocouples at the two charging stations 

T T 

were used to set the desired temperature ratio, t^ 2 ^ ^ 14 * Outputs 
from these two thermocouples were amplified, divided and displayed 
on a digital panel meter to provide the facility valve operators 
with a visual indication of the actual temperature ratio. 

3.2 Model Components 

Reduced drawings of model components are presented in 
Figures 5a-k. The two interchangeable plugs (Figures 5a-b) had 
identical contours except for the addition of a straight section 

p 

in Plug #2. Plug #1 contained two removable 6-probe rakes ( tg 2 ^ 
used to determine pressure drop between Stations 5 and 5.2. Both 
plugs contained 12 static pressure taps. 

Interchangeable mixers attached to the common Cora Cowl, 

Figure 5c. This cowl contained two internal static pressure taps 
(at Station 5.2) and two o-ring connections for base pressure taps on 
the mixers. The free-mixer (splitter) and lobed mixers are shown in 
Figures 5d-g. The splitter and Mixer A ended at engine Station 56, 
while Mixers C and D were 4-inches (full-scale) longer. The short 
mixers were used with Plug #1 and the long mixers with Plug #2. 

The Forward Fan Duct and Aft Fan Duct, Figures 5h-i, were used 
with all dual-flow configurations. The Aft Pan Duct contained ten 
static pressure taps. For Configurations III, IV and VI, a 4-inch 
(full-scale) spacer was inserted to move the Aft Fan Duct downstream 
as shown in Figures 2 and 6c. The model assembly was completed by 
addition of a Duct Exit (Figures 5j or 5k) . The Duct Exit contained 
two base taps and two internal static taps near the exit plane. 
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4.0 DATA ANALYSIS PRCXTEDURES 

The following subsections describe the data analysis procedures 
used in the present test program. Station notations are defined in 
Figure 7. Computer programs written in BASIC language are included 
in the Appendix. 

4.1 Plow Rates 


The mass flow rates through the test nozzles were determined 
using choked ASME long-radius metering nozzles. The core nozzle 
flow rate was calculated at Station 1 (see Figure 7) and the fan 
nozzle flow rate was calculated at Station 3, using the following 
equations . 


W 


1 


W 


5.2 


« w, . 

14 


C P 

■<1 

C P 

"3 


t 


t 


1 


3 


The critical flow factor, K, was calculated as a function of 
total pressure and total temperature. 


K=C.5280 + a T^ + b T^^ + c T^-^ 4- 0.186 x lO"^ x x e‘ * 

where: a = 0.1654 x lO"'* 

b = -0.2119 X lO"^ 

c = 0.6008 X lO"^^ 

T^ is in and is in psia. 


- 6 - 
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This equation was obtained by curve-fitting tabulated values in 
Reference 1; the curve-fit is accurate to within + 0.031 for 
0 < < 30 atmospheres and 460 < < 700®R, and is accurate to 

within +0.1% for 0 < < 40 atmospheres and 460 < < 1800°R. 


c 

was calculated using a semi-empirical equation 

C R. 

'*□3 = 1 -0.184 *^3 

and varied from 0.990 to 0.993 for the present tests. 

Q 

was calculated from a similar equation, modified to 
account for a thermal boundary layer. This thermal boundary layer 
results from water-cooling of the Station 1 meter. 



(0.184 ) (1.574 - 0.574 


The above equation was derived assuming constant static pressure in 
the boundary layer, a 1/7 power velocity profile, thermal boundary 
layer thickness equal to velocity boundary layer thickness, and a 
density distribution in the boundary layer defined by 



T^, the wall temperature at the nozzle throat, was estimated from 

heat-balance calculations of heat transfer from the air str-.am to 

the cooling water. T^^ values calculated for the present tests varied 

from 99° to 169°F. was calculated ujing 0 rrar. tcmcerature, 

T C ^ 

(T^ + t 3 ^)/ 2 . calculated using the above equation, varied from 

0.990 to 0.998 for the present tests. Given sufficient wall cooling, 
may exceed unity (Reference 2) . 


\ 


7 
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The above equation for is beiieved to be correct within 

;f 0.0C25, on the basis of results from facility demonstration tests. 

These demonstration tests included test series with either a 2.5-inch 
or a 4-inch diameter ASME nozzle located downstreauR of the water- 
cooled Station 1 meter. The downstream nozzle was essentially at 

adiabatic conditions (thin-wall construction, backside insulated) . • 

C I 

Flow rates calculated at Station 1 (using the above Dj^ equation) j 

agreed within ^ 0.25% with flow rates calculated at the downstream | 

nozzle (using adiabatic wall Cj^) , thereby indicating tha adequacy = 

C ^ i 

of the equation. I 

1 

A^, the geometric throat area of the Station 3 meter, was | 

^2 I 

11.0358 in . , the geometric throat area of the Station 1 meter, I 

■ o I 

was calculated assuminq thermal expansion from 70 F to T... The i 

« 2 - 
largest value of calculated for the present tests was 3.8202 in , I 

representii^g a thermal expansion area change of 0.18% from the | 

2 1 
nominal area of 3.8134 in . 1 

p p I 

t, and t- were measured with Statham differential pressure I 

T T I 

transducers. t^ and t^ were measuied with shielded chromel/alumel | 

thermocouples and recorded on the facility Vidar system (analog to | 

digital converter, printer) . | 

Calculated flow rates (Ibm/sec) for the present tests were in j 

the ranges ] 

1 < < 16 8 < < 36. 

i 

4.2 Discharge Coefficients and Effective Throat Areas j 

Discharge coefficient is defined c\s the ratio of actual flow * i 

rate through a nozzle to the ideal isentropic flow rate at the over* 

all nozzle pressure ratio. Core nozzle pressure ratio is defined as 

P P 

n = tc o/P f ^nd fan nozzle pressure ratio is X, . = t,./P . 

5.2 5.2 a' ^ 14 14 a I 

For the present tests ^exhausting to atmosphere) , P^ equals 1 

a I 

barometric pressure. ] 


8 
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S.2 = and ‘"'>14 ' «3''“l4^ 


where 


W K JV (A*/A) - K A 

^5.2. ^5. 2^5. 2 *^5.2 and W, , = ^14^14 ^14 

i 14. - 






14 


Kj. ^ and K,. were evaluated using a previous equation, as 
functions of ^ and t, . , t,.. t^ ^ was determined by 

p It Xt 

easurinq t^. and applying a correction for the pressure drop between 

^ P P 

Stations 5 and 5.2 as described in Section 5.0. t^ and t^^ were 

measured with mercury manometers and were defined as tne averages from 

P P T 

area-weighted probei; (20 tubes for t^, 48 tubes for 

measured with 8 area -weighted thermocouples. "^t^. « was defined as 

T ^ ^ . 

(measured with 8 area-weighted thermocouples) minus an estimated 

AT due to heat transfer to the inner core cowl between Stations 5 and 

5.2. The calculated AT values varied between 0^ and 16^F. 


Q 

For the present tests, effective throat areas 2^5 2 

^D, .A, . were calculated instead of discharge coefficients 

c c 

Dr ^ and D,.. In addition, an overall nozzle discharge coefficient 

D , A 14 P p p 

was calculated as Dg = 2^5 2 ^ 

geometric area of the duct exit. The inspected area for both Exits 
#1 and #2 was Ag = 49.747 in^. 


A*/A, the isentropic area ratio, is used to correct the ideal 
frow rate when the nozzle .'.s unchoked. A* /A for the fan nozzle was 
caLculated using equations valid for y = 1-4, obtained from Reference 3. 


A* /A 

and 


3.86393X 


-0.71429 



-0.28571 


for X < 1.8929 


A*/A = 1 for X > 1.8929. 


C. 


I 






\ 
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A*/A for the core nozzle was obtained by correcting the y ■ 1.4 value 
for "rral gas effects," to account for 2 significantly less 


than 1.4. The correction was derived by curve-fitting tabulated 


values from Reference 4; no corrections are indicated for < 900 ”r. 


First, the critical pressure ratio was expressed as a function of 
total temperature: 


\/\* = 9.667 X 10 "® X (°R) + 0.5196 


if \ 2 then A*/A =1. If X ^ X* and 900 < < 1260 R, 


c -- 1 + ( i - Y*) 5.728 X 10 ”^ (T^ - 900). 


if X < X* and 1260 < 1800 R, 


c r. 1 f ( ^ _ I- ) [ 2 . 615 X 10~^ (T^ - 1260) + 0,020621 

A A * L t 


F'incilly , 


A^/A = c X (A*/A) at ^ ~ 1 


.4)J . 


For the present tests, c (denoted c* on coniputer output sheets) 


varied from 1.000 to 1.0063. 


4.3 Thrust Measurement 


The net static axial thrust of an exhaust nozzle is defined 


as the axial exit momentum of the exhaust flow, plus the excess of 
exit pressure over ambient pressure times the exit area. 


= mv 
X e 


'’a' \ 


The net static thrust of an exhaust nozzle model was determined in 


the present test program by app'iyinq the momentum equation to the 
control volume shown in Figure 7. The analysis of axial forces 
applied to the control volume includes entering stream thrusts 


- 10 - 




n w 


F/lUbOynk enoineerino corporation 


(F^ and F ^) , a balance force (H^) # various pressure-area terms and the 

axial exit stream thrust, (H^ f ). The axial balance force, H-, 

X a X z 

as used here, includes seal tare forces. Summing axial forces, 

”v - ^ ♦ P2 <''2 - »x’ ♦ P4 - “s’ - P. I*’ ♦ '' 4 > - « 2 - 


The St roar, thrust at Station 1 is the exit stream thrust of 
a choked long-radius ASME nozzle, and was calculated as: 

1’^ = (1 + 1.4 .S2828 


Use of > = 1.4 and P*/P^ = ,''»282B in the above equation imply an 
ideal gas. The factor C, derived from tabulated values in References 
1 and 4, corrects the stream thrust from that of an ideal gas to 
that ot a real gas. 


If T. 


5b0^\, 


G = 1,00012 + 6.8.V38 x 10 


-6 


(psia) 


If ■■)60''’p, G = 1.0044 - (4.196 


,0059 P^) (T^ +460) X lO"^ . 


c . c 

has already been discussed? was calculated in an analogous 

manner , 


= 1-0 


109 


- 0.2 


This equation is a semi-empi r ica I expression of the thrust coefficient 
of an ASMF, nozzle at a pressure ratio of X= 1 ”929 (corresponding 
to P’^/P^ = .52828). For the present tests, varied from 1.000 
to 1,00 10, and ^T-^ varied from 0,994 to 0.996. 


'riio stream thrust at Station 1 was calculated as: 

Fj = G^ (1 + 1.4 .52828 

ach variabl"^ in this equation has been previously described, exv':*ept 

c c 

Ti . ”as calculated in a similar manner as T^, but was modified 

to account for the thermal boundary layer described in the discussion 


\ 
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C 

of Dj in Section 4.1: 

=■ 1 - (0.109 ) (0.828 0.172 

The above equation was derived using the same assumptions as in the 
derivation of for the present tests varied from 0.991 to 

0.996. 


Static pressures p^ ^and p^ were measured with Statham differen- 
tial pressure transducers. Ambient pressure (p^) was measured on a 

K cl 

Hass mercury manometer (barometer). and , the geometric 

reference areas for the seals, were 7,0686 and 12.5664 in^, respectively, 

4.4 'rhrust Coefficient 


The static thrust coefficient of an exhaust nozzle is defined 
as the ratio of the measured nozzle net thrust, to the ideal thrust 
of the actual mass flow when expanded isentropical ly from to 

= — - 
T m V , 

1 


For tho dual-flrw tests, the ideal thrust was calculated as the 
sum of the fan nozzle ideal thrust and the core nozzl€! ideal thrust: 


S " ""5 ->^i ^ "'l4''i 

i 3.. ^14 


Ideal thrust was calculated using a dimensionless ideal 
thrust (unction, m.v,/P A*, which is a function of both \ and y . 

XV t 


n\j- 

5.2 1 


5. ? 


( A */ A ).^_2 ^ 5 . 2 ^ 5. 2 ^ 5.2 ’ 5 . 2 


"14%,^ . (AVA)j^ S4''l4'’h4 '”iVV'l4 
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whore 


(niiVi/P^A*) = > 


2 J 


r 

j 

1 li 1- A 


1 - 'I 



1.8116 


1 - \ 


-0.28571 


for > = 1.4. 


Foi t ht' prosoiU test s, was taken to be 1.400. However , ^ 1.4 

anci, theietore, (m.v./r A*)^ .. obtained from the above equatior. was 
ec'‘ r ree t io vieeount ov ”rOi\l <^ias efteets" by multiplyinM by the ratio 


(m.v. M\A*) foi !'eal qas 
11 t 


(m.v. 'P . A* ) for > • 1 . 4 

lit 


Th i s ra t i o wa s c'a 1 eu 1 a t eti f rom t iibu 1 a t ed va 1 ues i n He f o renoe 4 ; for 
the presiMit ranqe ot test conditions this factor was obt£jined from a 
curve- t i t expression : 


.98 57 - 5.81 X 10 ^ X ( 't 


‘^R - 1000) + 1.25 X lO"^ X (X - 1) 


and varied between .0941 and .9962. 


^ P ressu re and Temperature Data 

Pressut'e i ns t r ament at i on foi facility pressures iind charqinq 
station pressures were desci*ibed previously. All other pressures 
in the model were measured usinq multiple-tube mercury manometers. 
Model pressure data were reduced to absolute pressures (psia) . 

The !'esults are tabulated on computer output sheets, contained in 
the Appendix . 


Fac i 1 i t y a nd cha r q i nq s t a t i on t empe r a t u re da t a we re ob t a i ned 
usinq shielded chromel 'alumel thermocouples , and were recorded on 
the facility Vidar system. Temperatures were expressed in or 
or both. 
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4.6 1’cu‘ce Balance Calibration 


The force balance calibration determined the output character- 
istics of both the force balance flexure and the two elastic seals 
betwee’i the metric model assembly and the non-metric facility 
structure. The elastic seals produce a small tare force, largely 
duo to radial seal deflections necessary to support the static pres- 
sure differential across the seal. The seal and balance assembly are 
calibrated under simulated operating conditions of loads and seal 
differential pressures . 

The balance assembly was first calibrated with the internal 
seals unpressurized. Known loads (dead-weight) were applied to 
obtain balance calibration coetticient, ^2 

the axivil load cUid is the balance output. 

t\Uibration of the elastic seals was accomplished as follows. 
Blank-cff plates were installed downstream of the seals, and the 
seals were pressurized to selected values of pressure differentials, 

AP, This pressure loading produces a downstream force on the balance. 
Additional axial loads, W^, were then applied to increase or decrease 
the net load to simulate test conditions of axial load and AP. Summing 
forces, the axial balance force (which is calculated from the balance 
output) must equal the applie-d load plus the pressure-area forces at 
the twt' sea Is, i . e . , 

= W -f AP^ (A^ AA^) -t AP^ (A. -4' AAJ 
2x 22 2 44 4 

from which the apparent change in seal area (AA) may be calculated. 

AA was then cuive-fit as a function of H 2 and AP, and included as a 
correction term in the balance force calculation. When used to reduce 
test data, AA for each seal was defined by H 2 and the AP at each 
seal . 


- 14 - 
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^ ^ Supplementary Calculatio ns 

Supplementary calculations were made to present the test results 
in additional nondimensional forms. The results are contained in the 
Appendix, and include the following items. 

Flow rates corrected to standard conditions: 


's. 2 

= ^/ 518.69 

‘^4 = '^tj^/518.69 

^5.2 

= „/14.696 

D . 2 

*14 = ^ 14 / 14 . 696 

^.2 

c 

^.2 

5. 2 

orrected x 



, “l4 

corrected . 


Core nozzle flow coefficient referenced to mixer base pressure (taps 
#27, 37) and fan nozzle flow coefficient referenced to match plane 

static pressure (taps #151, 152): 


CD (vTl) = 

D . 2 6 . 

1 


and 


CD (J2) = 


c 

'Dc ^ and D. . defined earlier, 
5.2 14 


These coefficients are similar to 
except that ideal flows were evaluated assuminq isentropic expansion 
from to the appropriate static pressures, rather than from to 
. Reference areas used were; 

a 


Ag, in 


Ai 6 , in 


Splitter 

25.502 

59.798 

Mixer A 

25.422 

58 . 781 

Mixer C 

26.168 

58.035 

Mixer D 

26.162 

58.037 
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Fmc nozzle flow coefficient: 

CD (El . (Wj J ♦ Wi4)/«ej 

W P 

where 8. was evaluated using mass-flow-weighted averages (of t, 

pirn o.y. 

t ind t T 

14 ' 5.2' t,.), isentropic expansion to exit base pressure 

14 2 

(taps #161; 162), and = 49.747 in . 

4 . 8 Kxit Survey Data 

Pressure and temperature surveys at the nozzle exit were obtained 
usinq a survey rake, rake support, and drive mechanism furnished by 
AiResearch. The survey hardware is shown in place at the nozzle exit 
in Fiquro 6d. 

'I’ho survey rake assembly was supported from the floor by an 
ad instable platform which provided accurate locating of the rake 
relative to the nozzle exit. The rake assembly was non-metric, i.e., 
did not touch the metric model. 

Survey data were obtained with the rake located in 3^ increments 
over a 30^ arc. Measurements consisted of 15 temperatures, 6 total 
pressures, centerline static pressure, and 2 wall static pressures 
(taps #161, 162). Temperatures were recorded with a digital printer, 
and pressures were recorded by photographing mercury manometers. 

The data were reduced as specified, and transmitted to AiResearch 
for plotting and analysis. Computer program and output sheets are 
contained in the Appendix. 

4.9 Acoustic Data 


Acoustic measurements were obtained during 12 dual-flow 
tests using microphones and tape recording equipment supplied and 
operated by AiResearch. Analysis of the tapes was performed by 
AiResearch. Arrangement of the nd crophones is illustrated in 
Figures 6d and 8. 
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5.0 PRESENTATION OF RESULTS 

Test conditions and major test results are tabulated in 
Figure 9 and are plotted in Figures 10 - 17. Detailed data and 
calculations, including tabulated static pressure distributions and 
exit survey results, are contained in a separate Data Appendix. 

The tabulation in Figure 9 includes: conf iguration number, run 
number and type of data obtained, actual values of the independent 
variables (X^ '^t^ 2'^'^’^14'' >«-ajor test results (C^,, C^A 

for the core and fan passages, 2 ^* 

The first test series (Runs 1.0 - 6.0) was made to determine 

the total pressure loss between Stations 5 and 5.2. The results 

P P 2 

are plotted in Figure 10 as t^ t^ versus M where M^. is 

the i sen tropic flow Mach number (Reference 3) indicated by the static 

to total pressure ratio at Station 5. The data points fall close to 

a straight line, since the pressure loss in the passage is nearly 

2 ... 

proportional to the dynamic pressure, q - .7pM . After these initial 

p 

tests, the pressure rakes at Station 5.2 were removed; 9 for all 

P 2 ^ ^ 

remaining tests was calculated as t^ (1-.02 M ^). 

Tests with core-f low-only were made with the four core nozzle 
configurations shown in Figure 6 b. These tests determined thrust 
coef f icients , effective throat areas, and static pressure distribu- 
tions of the core nozzles when exhausting to atmosphere (i.e., with- 
out the restraints imposed by the fan duct and fan flow) . Thrust 
coefficients and effective throat areas from the core-only tests 
are plotted in Figures lla-b. 

Dual-flow tests were made with each of the four configurations 
shown in Figure 6 a and with two additional configurations (V, VI) 
obtained by using the short duct exit with Configuration II. Each 
dual-flow configuration was tested both with cold-flow and hot-flow 


17 


flUtDYNK eNOINEERINO CORPORATION 


2.5). Figure 12 presents thrust coefficients 
for all six configurations. With cold-flow, the highest level was 
obtained with the splitter (Configuration I). Increasing temperature 
ratio with Configuration I produced a slight C,^ increase. Increasing 
temperature ratio with the lobed mixers produced substantial C^ 
increases. These increases are dependent on the extent of temperature 
mixing (Reference 5) . 

Thrust measurements were also obtained for all six dual-flow 
configurations during exit survey tests. C^ values from these tests 
are tabulated in Figure 9, and are identified by the note **with survey 
data,*’ but have not been plotted due to the apparent interference of 
the rako on the thrust measurement. C^ values with the rake are higher 
than those without (the largest difference is .0056, the average is 
.004) . 


Another indication of rake interference is the effect of the rake 

on effective throat areas. The combined effective throat area, 

C C 

2^5 ^14^14' <^erreased 0.8% (average from six pairs of data) 

due to the presence of the rake. 

Conf iqurations I and II were selected for a larger mapping of 

nozzle performance. Results are presented in Figures 13 and 14, as 

versus ^ with lines of constant X... 

T 5.2 14 

Effective throat areas for the core and fan passages are plotted 
in Figures 15-17. Figure 15 shows results for ail six configurations, 
and Figures 16 and 17 show the larger mapping for the two selected 
configurations . 
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FIGURE 9. RUN SCHEDULE AND MAJOR TEST RESULTS 
(Sheet 3 of 4) 
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FIGURE 10. CORE PASSAGE TOTAL PRESSURE CORRELATION 
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FIGURE lib. effective THROAT AREAS, CORE-ONLY 
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FIGUPE 14. THRUST COEFFICIENTS, CONFIGURATION II 
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FIGURE 15. EFFECTIVE VHROAT AREJ>5, CONFIGURATIONS I -VI 
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FIGURE 16. ErFECTIVE THROAT AREAS, CONFIGURATION 









EFFECTIVE THROAT AREAS, CONFIGURATION II 

















